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Abstract 
The reactions between the lanthanide nitrate salts and the ligand triphenylphosphine oxide 
(TPPO) gave rise to nine-coordinated complexes of the nature Ln(TPPO)3(NO3)3, for Ln = La – Dy, 
Er, Tm, in which the Ln(III) centre is coordinated to three phosphoryl oxygen atoms and three 
bidentate nitrate ligands.  Generally, the geometry can be described as being mer-octahedral, 
where the nitrate ligands are considered as monoatomic species.  The product of the reaction 
between Yb(NO3)3·5H2O and TPPO, however, was a highly symmetrical eight-coordinated 
complex, in which the Yb(III) centre was coordinated to two bidentate nitrate groups and four 
TPPO molecules.  The geometry in this case is best described as being trans-octahedral, with 
the two nitrate ligands coordinated practically perpendicular to one another. 
The complexes isolated from the reactions of lanthanide nitrate salts with the ligand 
bis(pentamethylene)urea (PMU) had the general formula Ln(PMU)3(NO3)3, where Ln = La – Dy, 
Yb, Lu.  The complexes were found to be nine-coordinated with distorted trigonal prismatic 
geometry, in which the one base of the prism is composed of the oxygen atoms of the three 
PMU ligands and the other base is made up by one oxygen atom from each of the bidentate 
nitrate groups.  The second oxygen atoms of each of the nitrate groups protrude upward, 
occupying capping positions.   
The reactions of the La and Pr nitrate salts with the ligand 2,2’-dipyridyl-N,N’-dioxide (DPDO) 
produced two novel complexes of the nature [Ln(DPDO)(H2O)2(NO3)3].  These complexes are 
remarkable in that their crystal structures reveal the Ln(III) centres to be ten-coordinated.  The 
geometry around the Ln(III) centres was complex, due to the presence of a seven-membered 
chelate ring, formed by the bidentate coordination of the oxygen atoms from the DPDO ligands 
to the metal centres.  The chelate ring did not lie in a single plane, but was twisted at the 
pyridyl bridgeheads to lie above and below the coordination plane. 
Key Words: Lanthanide, nine-coordinated, ten-coordinated, bidentate, chelate, crystal structure 
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Motivation for Study 
The chemistry of the lanthanides has received considerable interest in the last two decades.  
Much of the research has been focussed on the synthesis of various lanthanide-containing 
compounds for use in the medical arena, particularly in the field of magnetic resonance imaging 
(MRI).  Despite their popular use as MRI contrast agents, lanthanide complexes also find uses in 
many other fields, including catalysis, radiopharmaceutics, organic light emitting diodes, etc.  As 
the research into the properties of lanthanide complexes broadens, so too does their 
application in modern science. 
The near homogenous chemical behaviour of the individual lanthanide metals provides the 
opportunity to identify and examine trends in the chemical, physical and spectroscopic 
properties of their complexes.  By treating the series as a group, it is possible to observe general 
chemical trends, while at the same time allowing for the discovery of deviations from and 
exceptions to the rule.  Often in the literature, a few select lanthanides are used in a study as 
representatives for the entire series and it is indeed rare that any particular study includes all 
the members of the group.  By including all Ln(III) (Ln = lanthanides except Pm), this study 
therefore occupies an important, until now relatively unexplored, niche in the world of 
coordination chemistry.    
The oxophylic nature of the trivalent lanthanides has been extensively discussed in the 
literature and is a well-established fact.  As a result, the logical choice for the synthesis of Ln(III) 
complexes are oxygen-donor ligands.  This study will focus on the synthesis and 
characterisation of Ln(III) complexes with three structurally and co-ordinately diverse oxygen 
donor ligands.  
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1. Introduction 
The Lanthanides, or ‘Rare Earth Metals’, is a special group of metals, the first of which, yttrium, 
was discovered in 1787 [1].  It was only much later, in 1974, that the last member of the Rare 
Earth family, Promethium, was separated by a nuclear reaction [1].  The Rare Earth family 
includes the lanthanides, which are all the elements in the series that ranges from lanthanum 
to lutetium, as well as scandium and yttrium – 17 elements in total [1]. 
Following their initial discovery, very little research was done on the lanthanides until the 
1960s, when efficient technology for their extraction, separation and purification became 
available.  The chemistry of these metals remained largely undeveloped as chemists of the time 
were preconditioned to the thinking that they, like the transition metals, had maximum 
coordination numbers of 6.  In 1939, however, the crystal structure of neodymium bromate was 
published, illustrating that larger coordination numbers, of 9, 10, 11 and even 12, were possible 
for these metals.  It was only in the 1980s, however, when the biomedical applications of 
lanthanide complexes became known, that the field of lanthanide coordination chemistry 
become one of the scientific world’s most avidly pursued research topics [1]. 
1.1 General Properties 
1.1.1 Oxidation State 
The lanthanides are silvery-white metals that exhibit typical metallic behaviour, except that, 
unlike the transition metals, most lanthanides have a single stable oxidation state: +III.  There 
are a few exceptions, however.  Ce(IV) and Eu(II), for example, are stable in water and are, 
respectively, strongly oxidizing and reducing [2].    
Table 1 The different lanthanide oxidation states [1] 
 La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
+II    √ - √ √    √  √ √  
+III √ √ √ √ - √ √ √ √ √ √ √ √ √ √ 
+IV  √ √  -    √ √      
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The stability of the +III oxidation state can be explained by the relatively small first, second and 
third ionization energies.  Once the +III oxidation state is achieved, the remaining electrons in 
the 4f orbitals are stabilized by the strong effective nuclear charge that they experience [2].  
The existence of the +IV oxidation state in Ce and Pr could be explained by their early 
appearance in the series, where the 4f orbitals are relatively high in energy and less stable and, 
therefore, more prone to lose a fourth electron [2].   Terbium(+IV), however is stable because 
the loss of an extra electron results in the very stable 4f7 electron configuration.  Similarly, the 
occurrence of the divalent states for Eu and Yb (Table 3) can be attributed to the stability of the 
half-filled and filled 4f shell [2].   
1.1.2 Bonding and Reactivity 
The lanthanides are less reactive than the alkali and alkali-earth metals, but more so than other 
metals and the reactivity of the individual metals decrease from left to right in the group.  They 
react vigorously with acids, but remain relatively unreactive toward bases.  They are relatively 
strong oxidizing agents and react with water to produce hydrogen [1]. 
As a group, the lanthanides typically form strongly electrostatic bonds with most non-metals 
[8].  Because they lack sufficiently available electrons and strongly repel positive charge, 
lanthanides do not form metal-metal bonds.  The lanthanides complex strongly with chelating 
species that contain O- and N-donor atoms [9].  There are no examples of lanthanide-As bonds 
and lanthanide-Si bonds are very rare.  Lanthanide-C bonds are not stable under standard 
conditions [1]. 
1.1.3 Coordination and Stereochemistry 
Where the term ‘coordination number’ is defined as the number of atoms directly coordinated 
to the metal center, the coordination number for lanthanides can vary from as low as 3 to as 
high as 12.  Most commonly, however, lanthanide complexes are eight- or nine-coordinated.  
Six-coordinated complexes are relatively rare and complexes with coordination numbers 
smaller than 6 are only formed with very bulky ligands.   
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The large coordination numbers found for these metals can be attributed to their large ionic 
radii.  When compared, for example, to the ionic radii of Fe(III) or Co(III) (with coordination 
numbers of 6) (55.54 pm), that of Gd(III) or Lu(III) (103.95 pm), are much larger.  Because the 
coordination energy (4.18 kJ.mol-1) is considerably smaller than the crystal field stabilization 
energy (≥ 418 kJ.mol-1), lanthanide coordination bonds are non-directional [1]. 
The coordination chemistry of the lanthanides is dominated by the trivalent ion, Ln3+.  They 
prefer to coordinate to anionic ligands that have highly electronegative donor atoms, such as O 
and F.  Trivalent lanthanides have a strong affinity for water and, in aqueous solvents, water 
will compete with other ligands for coordination sites.  As a result, lanthanide complexes often 
contain water molecules in the crystal lattice.   Unlike the transition metals, Ln=O and Ln N  
centres are not common [2-5].   
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          Figure 1.  Three-coordinate Gd(III)                                   Figure 2.  Twelve-coordinate Pr(III) complex 
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Table 2: The various coordination numbers found for trivalent lanthanides, and their stereochemistries [3] 
N* Stereochemistry Examples 
3 Pyramidal [Gd(C7H8O2)3]Cl3
i 
4 
Tetrahedral, Distorted 
Tetrahedral 
 
6 Octahedral [Tb(C11H12N2O)6](ClO4)3
ii 
7 
Capped trigonal 
prismatic 
[Er(C7H8O2)7](ClO4)3
iii, 
[Sm(C6H18OP)3]I3·4H2O
iv 
 Capped octahedral  
8 Dodecahedral 
[Ce(C3H9OP)4]Cl3·4H2O
v, 
[Gd(C2H5N3O2)2]Cl3·4H2O
vi 
 Square anti prismatic TbF4
vii , [Er(H2O)6Cl2]
+ viii 
 
Bicapped trigonal 
prismatic 
 
9 
Tricapped trigonal 
prismatic 
Nd(BrO3)3·9H2O
ix ,  
 
Capped square 
antiprismatic 
 
 
Bicapped 
dodecahedral 
La(bipy)2(NO3)3
x 
 Irregular  
12 Icosahedral [Pr(C8H6N2)6](ClO4)3
xi 
*N = coordination number 
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Figure 3.  Six-coordinate, octahedral Tb(III) complex  
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1.1.4 Lanthanide Contraction 
An important feature of these metals, is what is known as ‘lanthanide contraction’.  This term 
refers to the gradual decrease in atomic size and radius from lanthanum to lutetium.  This is 
due to the fact that, as the atomic number increases, electrons are added to the inner 4f shell, 
instead of the outer most shell.  Because of their diffuse nature, the f electrons only partially 
shield the outer electrons from the attractive force of the nucleus, and, as the atomic number 
increases, the outer electrons experience an increased effective nuclear charge, drawing them 
inward, toward the nucleus, resulting in gradually decreasing atomic radii.  This phenomenon is 
responsible for a number of regular changes in lanthanide properties.  The stability constants of 
lanthanide complexes, for example, increase as the atomic number increases, while the 
alkalinity of lanthanide ions, as well as the pH at which their hydrates precipitate out of 
aqueous solution, decrease progressively from left to right in the group [1].   
1.1.5 Electronic Configuration and Spectroscopic Properties 
Lanthanides typically have one of two different electron configurations; i) [Xe]4fn6s2 or 
ii) [Xe]4fn-15d16s2.  The adopted electron configuration is that which has the lowest relative 
energy.  The first configuration is adopted by La, Ce and Gd, while all the other lanthanides 
adopt the second configuration [1].  Because of the strong nuclear charge they experience, f 
electrons do not take part in bonding and ionization occurs by the loss of d electrons [9].   
The unusual electron configurations adopted by these metals are responsible for their unique 
spectroscopic properties. When compared to the more common elements, elemental 
lanthanides have a much larger number of electronic energy levels; lanthanides with unfilled 4f 
shells have about 30 000 spectral lines, while transition metals with unfilled 5d shells have 
approximately 7000 and main group elements with unfilled p shells have only around 1000 
visible spectral lines.  The exact number of electronic energy levels for a specific lanthanide is 
given by 14!/n!(14-n)! and each of these levels is well defined due to the shielding of 4f-orbitals 
by the filled 5s and 5p sub shells.  As a result, inner shell f-f transitions produce sharp and easily 
recognizable spectral lines [10].  Lanthanide electronic transitions thus give rise to line-like 
spectra, similar to those of their free ions.  This contrasts with d-block transitions, which result 
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from the transitions between unshielded d-orbitals and are thus affected by crystal and 
coordination fields, causing the resulting spectra to change as the coordination sphere of the 
metal changes. 
Characteristically of lanthanides, some excited states have very long life times (10-2 to 10-6s) 
when compared to other typical elements (10-8 to 10-10).  The long lived excited states can be 
attributed to the large number of 4f transitions that occur between metastable states, and 
enable the use of lanthanide complexes in lasers. 
The emission properties of the lanthanides are important since they allow for the potential 
application of the metals in optical communications, new generation displays and sensors.  A 
factor associated to lanthanide luminescence is the antenna effect, the phenomenon in which a 
luminous ion, such as the lanthanides, is coordinated to an organic ligand or imbedded in a 
matrix.  Energy is absorbed by the ligand or the matrix and transferred to the metal ion, which 
then emits the energy in the form of light.  The lanthanides can be divided into four groups, 
according to their different emissive properties. 
In the first group, containing Sm(III), Eu(III), Tb(III) and Dy(III), the emission results from the 
transition of a 4f electron from the lowest excited state to the ground state, and the emitted 
light falls in the visible region.  These transitions have high probabilities, and as a result, the 
concomitant emission is strong.  The second group, including Pr(III), Nd(III), Ho(III), Er(III), Tm(III) 
and Yb(III), have energy levels that are very close to one another.  As a result, their emission 
often fall in the infrared (IR) region and are less intense than that of the first group.  The third 
group contains ions in lower oxidation states, such as Sm(II), Eu(II), Yb(II) and Ce(III), and emit 
light as a result of d-f transitions.  The last group, including La(III), Gd(III) and Lu(III), contain ions 
that have stable electron configurations and thus have filled, half-filled or empty 4f orbitals.  No 
f-f transitions are observed for these ions, except for Gd(III). 
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Table 3:  The electron configuration of the lanthanide metals 
Atomic 
Number 
Lanthanide Symbol 
Neutral Electron 
Configuration 
Trivalent Ion 
Electron 
Configuration 
57 Lanthanum La [Xe]4f05d16s2 [Xe]4f0 
58 Cerium Ce [Xe]4f15d16s2 [Xe]4f1 
59 Praseodymium Pr [Xe]4f36s2 [Xe]4f2 
60 Neodymium Nd [Xe]4f46s2 [Xe]4f3 
61 Promethium Pm [Xe]4f56s2 [Xe]4f4 
62 Samarium Sm [Xe]4f66s2 [Xe]4f5 
63 Europium Eu [Xe]4f76s2 [Xe]4f6 
64 Gadolinium Gd [Xe]4f75d16s2 [Xe]4f7 
65 Terbium Tb [Xe]4f96s2 [Xe]4f8 
66 Dysprosium Dy [Xe]4f106s2 [Xe]4f9 
67 Holmium Ho [Xe]4f116s2 [Xe]4f10 
68 Erbium Er [Xe]4f126s2 [Xe]4f11 
69 Thulium Tm [Xe]4f136s2 [Xe]4f12 
70 Ytterbium Yb [Xe]4f146s2 [Xe]4f13 
71 Lutetium Lu [Xe]4f145d16s2 [Xe]4f14 
 
1.2 Therapeutic Applications 
The toxicity of a given metal is often determined according to the differences in its in vivo 
chemical behaviour, as compared to Ca2+.  Trivalent lanthanides show very little deviation from 
Ca2+in terms of their softness, covalence and redox tendencies.  These similarities are what 
make the trivalent lanthanides good candidates for application in therapeutic agents [12,13]. 
The earliest example of their use in a medical capacity can be found in cerium oxalate, which 
was used as an anti-emetic from the mid 19th to the early 20th centuries, before being replaced 
by anti-histamines [14].  Most of the early research into the development of lanthanide-based 
drugs was unsuccessful.  A notable exception, however, is cerium nitrate, which is still used 
today in a topical cream, Flammacerium, together with sulfadiazine, for the treatment of burn 
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wounds in countries where circumstances rule out the implementation of the sophisticated 
surgical procedures used in first world medicine [14].   
The biological properties of the lanthanides can also be linked to their similarity to Ca2+, as their 
primary physiological effects rely on their ability to block both voltage-gated and receptor 
modulated calcium channels [12,13].  They are also able to replace Ca2+ in proteins, allowing 
them the ability to either inhibit or activate certain enzymes, according to the role of calcium in 
the native enzyme [13].  In very low concentrations, trivalent lanthanides are able to perforate 
biological membranes, a fact that allows them to enhance the transformation of bacterial 
plasmids, such as pBR322 and PUC18, during gene recombination [15].  There have also been 
reports of Tb(III) being used to increase the intracellular concentration of the chemotherapeutic 
drug, cisplatin [16]. 
A drug that has recently entered phase III clinical trials is the redox active lanthanide texaphyrin 
complex, motexafin Gd.  It shows potential to improve the quality of life of patients suffering 
from brain metastases of non-small cell lung cancer by delaying the onset of neurological 
progression.  The lutetium analog of the drug is photoactivatable and is being investigated for 
its potential use as phototherapeutic agent against vulnerable atherosclerotic plaque [9].  
Fosrenol, a drug that contains lanthanum carbonate, has recently been approved in both the 
USA and Europe for the treatment of hyperphosphatemia in renal dialysis patients.  The drug 
dissociates in the upper gastrointestinal tract, where La(III) acts as a phosphate binder, forming 
insoluble lanthanum phosphate, which is then excreted in the faeces.  It allows for the effective 
control of ingested phosphate without any significant lanthanum absorption [9].   
The lanthanides have also aroused attention as potential agents for the development of 
anticancer drugs due to the manifestation of their anti-tumour activity, which includes their 
ability to scavenge reactive oxygenyl species, influence microtubule stability and induce 
apoptosis [17,18].     
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Figure 4.  The structure of lutetium and gadolinium texaphyrin, where Ln = Lu/Gd [9] 
 
1.3 Toxicity 
The high toxicity of most metals can be attributed to the fact that they differ greatly from Ca2+ 
with respect to their softness, covalence and redox tendencies, as described above.  In the case 
of the lanthanides, toxicity arises from deviations in charge and ionic radii, as well as 4f-orbital 
involvement.  These factors, however, are relatively unimportant and cause minor effects in 
vivo.  Lanthanide toxicity, therefore, is largely dependent on the relative concentration of the 
given ion in a specific tissue type or organ [18].   
Trivalent lanthanides are generally non-toxic due to their inability to cross cell membranes.  
Toxicity arises, however, when they are injected directly into the blood stream and gain access 
to cells expressing Ca2+channels [9].  Subsequent to injection, trivalent lanthanides are rapidly 
cleared from the blood and redistributed to other tissues, specifically the liver and bone.  In the 
liver, the lighter lanthanides result in a histopathological condition, known as fatty liver.  From 
the liver, they are redistributed to the bone, where they remain with a half life of up to 20 days 
[9].  The heavier lanthanides become imbedded in the bone, where they remain with a half life 
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of several years [19].  It is important to note that the above is only true for trivalent lanthanide 
salts.  Complexes, such as gadolinium diethylenetriaminepentaacetic acid, Gd(DTPA), an MRI 
contrast agent, are 50 times less toxic and are cleared rapidly from the body, with a half life of 
approximately 20 minutes [20]. 
1.4 Other Applications 
The unique properties of the lanthanides have made them extremely useful in many areas of 
the modern world.  Some macrocyclic lanthanide complexes are used as catalysts in 
transesterification, as radiopharamaceuticals and as fluoroimmuno assay reagents [21-24].  
Other applications include the use of lanthanides in MRI as contrast agents, in the extraction of 
the trivalent actinides, as luminescent probes for analytes such as Ca2+ and as labels for 
proteins and amino acids [25-27].  Also, lanthanides are used as electroluminescent 
components for organic light emitting diodes and incorporated into liquid crystals for the 
development of mesogenic compounds [10].   
1.4.1 Magnetic Resonance Imaging 
Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique that is used extensively 
in modern medicine to study in vivo biological processes at cellular, and even molecular, level.  
The process is based on the enhanced/altered relaxation of water protons in the presence of an 
appropriate contrast agent [28]. 
MRI contrast agents are chemical compounds that are able to change the relaxation times of 
water proton in tissues where they are concentrated.  In order for a particular complex to be 
used as a contrast agent, it must be water soluble, stable under physiological conditions, exhibit 
rapid renal excretion, have low osmotic potential in solution and have at least one water 
molecule in its coordination sphere [25,29].   Over the years, MRI contrast agents have lead to 
major advances in the field of medical diagnosis, enabling greater specificity and sensitivity, and 
facilitating better tissue characterisation [25].   
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Contrast agents are classified as being either positive or negative, according to the manner in 
which they affect proton relaxation times.  Positive contrast agents are paramagnetic 
compounds that contain metals with a large number of unpaired electrons, such as Mn2+ and 
Gd3+, with 5 and 7 unpaired electrons, respectively.  They act by shortening longitudinal 
relaxation and cause the tissues by which they are taken up to appear brighter than 
surrounding tissues [29,30].  Negative contrast agents are based on super paramagnetic 
materials, such as Fe(O2) nanoparticles, which shorten transverse relaxation times, resulting in 
darkened images [30,31]. 
Currently, there are only six approved MRI contrast agents for administration directly into the 
blood stream.  Of the six, four are stable complexes of Gd(III) with polyaminocarboxylate 
ligands.  These include the previously mentioned Magnevist®, Gd(DTPA)2-, and Dotarem®, 
Gd(DOTA)- (both anionic), as well as Omniscan®, Gd(DTPA-BMA), and Prohance®, Gd(HPDO3A), 
which are neutral complexes [31]. 
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Figure 5.  Gd(DOTA) [28]   
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Figure 6.  Gd(DPTA) [28] 
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Figure 7.  Gd(DTPA-BMA) [28] 
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Figure 8.  Gd(HPDO3A) [28] 
 
First generation MRI contrast agents were responsible for the increased use of MRI in 
diagnostic medicine.  Technically, they are classified as non-specific, as they distribute largely 
into intravascular and interstitial space, but accumulation in the kidneys may occur as a result 
of glomerular filtration [32].  The focus in the development of the next generation of contrast 
agents lies in enhancing their specificity and efficacy, thermodynamic stability and their rate of 
renal elimination.  The crux of this lies in coordinating the contrast agents to bigger ligands such 
as dendrimers and micelles [33,34]. 
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2. Experimental 
2.1 Materials 
2.1.1 Lanthanide Nitrate Salts 
The lanthanide nitrate salts were obtained from the chemicals companies listed below, in the 
reported purities, and they were used without further purification: 
La(NO3)3·6H2O   99.9%   Strem Chemicals Inc. 
Ce(NO3)3·6H2O  99%   Sigma Aldrich 
Pr(NO3)3·6H2O   99.9%   Sigma Aldrich 
Nd(NO3)3·6H2O  99.9%   Fluka 
Sm(NO3)3·6H2O  99.9%   Sigma Aldrich 
Eu(NO3)3·6H2O  >99%   Fluka 
Gd(NO3)3·6H2O  99.9%   Sigma Aldrich 
Tb(NO3)3·5H2O  99.9%   Sigma Aldrich 
Dy(NO3)3·5H2O  99.9%   Sigma Aldrich 
Ho(NO3)3·5H2O  99.99%  Sigma Aldrich 
Er(NO3)3·5H2O   99.9%   Sigma Aldrich 
Tm(NO3)3·5H2O  99.9%   Sigma Aldrich 
Yb(NO3)3·5H2O  99.9%   Sigma Aldrich 
Lu(NO3)3·H2O   99.999%  Sigma Aldrich 
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2.1.2 General laboratory chemicals 
The solvents used (EtOH, Acetone) were obtained from Merck in analytical grade, and were 
dried over 3 Å molecular sieves prior to use.   
The ligands used were obtained commercially, as reported below, in the given purities, and 
used without further purification: 
Bis(pentamethylene)urea 97%  Sigma Aldrich 
Triphenylphosphine oxide 98%  Sigma Aldrich 
2,2’-Dipyridyl-N,N’-dioxide 98%  Sigma Aldrich 
2.2 Instrumentation 
The 1H NMR spectra were recorded at 295 K using a Bruker Ultrashield™ 400 MHz 
spectrometer, equipped with an auto sampler.  The solvent used in each case was CDCl3.  The 
data recorded were analysed using Topspin version 2.x software. 
The infrared spectra were obtained from a Bruker Tensor 27 FT-IR spectrophotometer, 
equipped with the Platinum ATR attachment.  The samples were run neat on ATR and the data 
recorded and analysed with OPUS 6.5 software. 
Melting points were determined by using an Electrochemical 1A9100 melting point apparatus 
and benzoic acid was used as a melting point test standard. 
A Bruker APEX II CCD diffractometer was used to record X-ray crystallographic data.  The data 
reduction and cell refinement were done using SAINT [1] software, and the crystal structures 
were solved and refined using SIR97 [2] and SHELX97 [3] software, respectively.  Molecular 
graphics were obtained using ORTEP-3 [4] and Mercury [5].  The hydrogen atoms were omitted 
from all the given structures for clarity.   
Photoluminescence studies were completed using a BioTek® Synergy MxL monochronomator-
based multi-mode microplate reader, equipped for absorption, fluorescence and luminescence 
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studies.  Analyses were done on 150 µl aliquots of 10-3 M solutions of the complexes in 
question, which were pipetted into 96-well black micro-titre plates, suitable for fluorescence 
studies.  All the photoluminescence studies were carried out at room temperature and the data 
obtained was recorded and analysed with Gen5  Data Analysis software. 
2.3 References 
[1] Bruker, APEX 2 & SAINT (2010), Bruker AXS Inc., Madison, Wisconsin, USA. 
[2] A. Altomare, M.C. Burla, M. Camalli, G.L. Cascarano, C. Giacovazzo, A. Guagliardi, A.G.G. 
Molterni, G. Polidori, R. Spagna, J. Appl. Cryst., 1999, 32, 115. 
[3] G.M. Sheldrick, Acta Cryst., 2008, A64, 112. 
[4] L.J. Farrugia, J. Appl. Cryst., 1997, 30, 565.  
[5] C.F. Macrae, I.J. Bruno, J.A. Chisholm, P.R. Edgington, P. McCabe, E. Pidcock, L. 
Rodriguez-Mange, R. Taylor, J. van de Streek, P.A. Wood, J. Appl. Cryst., 2008, 41, 446. 
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3. Complexes with Triphenylphosphine Oxide 
3.1 Introduction 
The ligand triphenylphosphine oxide (TPPO) is a popular choice for coordination to metals 
such as the lanthanides (Ln) and actinides (Ac), due to its wide use in solvent extraction [1], 
nuclear fuel reprocessing [2,3], and separation processes [4].  The coordination and 
characterisation of complexes of TPPO with lanthanides has been extensively investigated 
and published in literature [1-4].  In most cases, however, literature reports have been 
incomplete, with research focussed on a few select lanthanides, which are then regarded as 
being representative of the entire group.  A comprehensive study, encompassing the 
coordinative and characteristic differences and similarities of all the members of the 
lanthanide series (*excluding the radioactive promethium), is therefore lacking.  This 
chapter contains a detailed description of the coordinative and structural trends that were 
observed when each of the lanthanides* was coordinated to TPPO.   
In order for the study to be comparative, a standard synthetic protocol was established and 
applied in each case, using each of the individual lanthanides: 
 
Ln(NO3)3  xH2O + P
Ph
Ph
Ph
O
1                                   :                              3
 
Scheme 1:  General synthetic protocol for complexes of Ln(III) with TPPO, where x = 5/6. 
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3.2 Synthesis 
The synthetic procedure is relatively simple (Scheme 1).  Ethanolic solutions of the 
Ln(NO3)3·xH2O (1 mmol in 10 ml EtOH) and TPPO (3 mmol in 10 ml EtOH) were mixed 
together and stirred at room temperature for approximately 5 minutes.   
Upon mixing, the solutions containing La, Nd, Sm, Pr, Ce and Ho produced thick, chunky 
precipitates, which were filtered off and dried in air.   
For the remaining lanthanides no such precipitates were obtained, and the solutions 
remained completely clear.  These solutions were, however, also filtered to remove 
impurities and any undissolved starting material that may have been present.  Following 
filtration, the mother liquors were left to stand in pill vials, open to the atmosphere for 
evaporation.  In most cases, XRD-quality crystals were obtained within 24 hours. 
A summary of the synthetic quantities, yields and melting points are given in Table 20. 
 
Table 1: List of the different coloured crystals obtained from the coordination of Ln(NO3)3 with TPPO. 
Complex Crystal Colour Complex Crystal Colour 
La(NO3)3(TPPO)3 White Tb(NO3)3(TPPO)3 White 
Ce(NO3)3(TPPO)3 White Dy(NO3)3(TPPO)3 White 
Pr(NO3)3(TPPO)3 Green Ho(NO3)3(TPPO)3 Pale Pink/Orange 
Nd(NO3)3(TPPO)3 Lilac Er(NO3)3(TPPO)3 Rose Pink 
Sm(NO3)3(TPPO)3 White Tm(NO3)3(TPPO)3 White 
Eu(NO3)3(TPPO)3 White [Yb(NO3)2(TPPO)4]NO3 White 
Gd(NO3)3(TPPO)3 White Lu(NO3)3(TPPO)3 White 
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3.3 Results and Discussion 
3.3.1 Infrared spectroscopy 
The IR spectra of the TPPO complexes are typical of those of lanthanide nitrates with 
coordinated phosphine oxide ligands, although some differences could be indentified [5].  
The spectra are also very similar to one another, as is evident in Figure 1, indicating a large 
degree of structural homogeneity throughout the complexed series.   
The diagnostic IR bands assigned to the nitrate and phosphine vibrations are reported in 
Table 2.  The sharp intense bands that appear at approximately 1150 cm-1 in all of the 
spectra can be attributed to ν(P=O) of coordinated TPPO ligands [1,6].  In accordance with 
the literature, this band is shifted to a frequency that is approximately 40 cm-1 lower than 
that of the free ligand (1195 cm-1) [1,7].  The complete absence of any bands around 
1195 cm-1 confirms that all the TPPO molecules are coordinated to the metal centres. 
 
Figure 1: Overlay of IR spectra obtained for the series of complexes with TPPO. 
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The presence of the nitrate groups is typically confirmed by three separate bands assigned 
to ν(N=O), νs(NO2) and νa(NO2), and they are labeled as ν1, ν2 and ν5, respectively [8].  The 
separation of the two high frequency bands, as well as the order in which the bands appear 
in a spectrum, are used to distinguish between the unidentate and bidentate nitrate groups.   
In the case of unidentate coordination, ν5 > ν1 > ν2, where ν5 and ν1 are approximately 115 
cm-1 apart.  Where the nitrate groups coordinate in a bidentate fashion, the position of ν5 
and ν1 are interchanged, so that ν1 > ν5 > ν2, and the difference between ν5 and ν1 increases 
to about 186 cm-1 [8].   
From the crystal structures that were obtained for these complexes, it is evident that the 
nitrate groups always coordinate bidentately to the lanthanide centre, via two oxygen 
atoms.  The IR data for the nitrate groups (Table 2) agree well with the expected bidentate 
coordination model [8].  The absence of ionic NO3
- counter-ions is confirmed by the lack of 
bands at 1384 cm-1, which would correspond to the νd(NO) mode of D3h symmetry assigned 
to NO3
- [9]. 
Table 2: The IR data for the solid state complexes of the lanthanides with TPPO. 
Lanthanide ν(PO) (cm-1) ν1 (cm
-1) ν2 (cm
-1) ν5 (cm
-1) 
La 1149 1460 1028 1292 
Ce 1146 1460 1028 1292 
Pr 1148 1461 1028 1293 
Nd 1147 1461 1029 1294 
Sm 1151 1465 1029 1297 
Eu 1153 1467 1030 1299 
Gd 1153 1469 1030 1299 
Tb 1153 1469 1030 1305 
Dy 1154 1470 1031 1301 
Er 1151 1476 1031 1295 
Tm 1150 1478 1030 1295 
Yb 1150 1479 1031 1296 
Lu 1151 1480 1032 1298 
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The increasing trend in wavenumber for the ν1 band as one progresses through the series, is 
quite pronounced, shifting 20 cm-1 higher from lanthanum to lutetium.  This trend is not 
uncommon, and has recently been mentioned in the literature [5].  A similar, although far 
more subtle trend is evident for the position of ν2 with an overall shift in wavenumber of 
only 4 cm-1 from lanthanum to lutetium.  The same is true for the position of ν5, although an 
anomaly in the trend appears at dysprosium.  Besides the very obvious shifts in band 
position, very definite changes can also be seen in the appearance and shape of some of the 
vibrational bands.  The band associated to ν1, for example, becomes noticeably broader as 
the series is traversed, although not as dramatically as has been previously reported in the 
literature [5].     A strange feature of all the spectra is weak intensity shoulder peaks that 
appear at slightly higher wavenumber to the ν2 band.  As the series is traversed, these 
shoulders become broader and more pronounced, causing the ν2 band to broaden in unison.   
3.3.2 Crystal Data 
The crystal structures of the lanthanide-TPPO complexes were largely homogenous 
throughout, except for that of Yb, which showed marked differences in symmetry and 
coordination number.   
 
 
Figure 2:  The crystal structure obtained for the nine-coordinated Eu(TPPO)3(NO3)3 complex. 
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Typically, the complexes were found to be nine-coordinated with the primary coordination 
sphere comprising of three phoshoryl oxygen atoms and three bidendate nitrate ligands, 
with the exception of the Yb analogue, which was found to be a highly symmetrical eight –
coordinated complex, containing two bidentate nitrate groups and four coordinated 
phosphine oxides.   
Selected bond lengths and angles are reported in Tables 5 – 15 and Tables 16 - 19 
summarise the collection and refinement data.     The structure of the europium complex 
(Figure 2) is given as a representative example for the structures of the TPPO complexes of 
La-Tb*, and Figure 3 depicts the fundamentally different structure of the Yb analogue.   
 
 
Figure 3:  The crystal structure obtained for the eight-coordinated [Yb(TPPO)4(NO3)2]NO3 (the nitrate 
counter-ion was omitted for clarity). 
 
From the literature, the geometry of the La-Tb* group of complexes is best described as 
distorted mer-octahedral, where the nitrate ligands are thought of as monoatomic 
species [4,10].  Based on this formalism, the ytterbium complex has a trans-octahedral 
geometry with the two nitrate groups almost perpendicular to one another.  The structural 
geometry of the Yb complex appears to be very similar to that of [Yb(Ph2MePO)4(NO3)2]PF6, 
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described by M. Basson et al. to contain a near planar YbO4 entity, with the nitrate ligands 
coordinated above and below this plane [4].  On further examination, however, it is clear 
that two planes, defined by the nitrate ligands, bisect the complex, with the four phosphine 
oxides lying almost exactly on those planes, producing a completely symmetrical structure 
(Figure 4).  
The average Ln-O(P) and Ln-O(N) bond lengths decrease from 2.415(2) Å and 2.615(2) Å in 
the lanthanum complex to 2.267(2) Å and 2.452(3) Å in the erbium complex, and then 
decrease further to 2.227(3) Å and 2.424(3) Å in the ytterbium complex.  These values, as 
well as the decreasing trend, agree well with data previously reported in the literature [4].   
There has been much debate in the literature whether the lanthanide contraction is solely 
responsible for this decreasing trend [5].  By statistical analysis, which involves a correction 
for the decreasing ionic radii of the lanthanide cores, it has been concluded that lanthanide 
contraction is the only contributing factor for this decreasing trend [4].  The O=P bond 
lengths (1.492 Å – 1.507 Å) remain relatively unchanged throughout the series and they 
agree well with values published in the literature [4,7]. 
 
 
Figure 4:  The structure of Yb(TPPO)4(NO3)2 indicating the symmetry of the complex around the NO3 planes. 
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Figure 5:  The structure of Tb(TPPO)3(NO3)3 illustrating the intersecting trans-NO3 planes. 
 
Based on the envisaged mer-octahedral geometry, the coordinated nitrate ligands are either 
trans to one another, or trans to a coordinated phoshine oxide [5].  This is clearly evident in 
Figure 5, which illustrates the intersecting trans-nitrate planes.  
The dihedral angles between these planes were calculated and are reported in Table 3.  
From these values three distinct groups, which follow distinct trends, can identified: La - Pr, 
Nd - Gd and Dy - Yb, in which the dihedral angles decrease, increase and increase as the 
atomic number increases, respectively.   
The Tb complex (Figure 5) presents an obvious anomaly. With a dihedral angle that 
approaches 90°, the two nitrate planes of the Tb complex are very nearly perpendicular to 
one another, similar to what is observed in the eight-coordinated Yb complex.  
Two important contributing factors to the stability of the complexes are the electrostatic 
repulsion between the oxygen atoms of the nitrate groups, and the ligand–ligand repulsion 
that exists between the phosphine oxide ligands. The twisting of the nitrate groups 
therefore occurs such that a ‘happy medium’ is found between these two factors, enabling 
the complexes to adopt the most stable conformation.  
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Table 3:  The dihedral angles measured between the trans-NO3 planes for the series of complexes with 
TPPO. 
Complex Dihedral Angle (°) 
La(TPPO)3(NO3)3 76.44 
Ce(TPPO)3(NO3)3 75.84 
Pr(TPPO)3(NO3)3 75.36 
Nd(TPPO)3(NO3)3 77.78 
Sm(TPPO)3(NO3)3 77.81 
Eu(TPPO)3(NO3)3 79.31 
Gd(TPPO)3(NO3)3 79.32 
Tb(TPPO)3(NO3)3 88.61 
Dy(TPPO)3(NO3)3 80.72 
Er(TPPO)3(NO3)3 82.61 
[Yb(TPPO)4(NO3)2]NO3 87.63 
 
The extreme increase in dihedral angle from the Gd complex to that of Tb is explained by 
the increased bending of the phosphine oxide ligands away from the metal core.  The Ln–O–
P angle varies for each of the coordinated ligands, but throughout the series remains 
relatively constant at 172 ± 3 .  For the Tb complex, however, two of the angles are much 
sharper (Table 12).  This presumably results in much reduced ligand–ligand repulsion, 
thereby allowing for such a large dihedral angle. 
3.3.3 Photoluminescence 
Conventionally, luminescence data are recorded on solid state samples, but due to the 
specifications of the analytical equipment available, 10-3 M ethanolic solutions of the 
compounds were used instead.  As a result, the spectra obtained were complicated by 
solvent interference, despite the application of a blank, and a lot of ‘noise’ could be seen.  
Also, the excitation was confined to wavelengths in the visible region (300 - 700 nm), and as 
a result the scope of the study was limited to those lanthanides for which the excitation 
wavelength falls in this region: Eu and Tb [11].  
A number of different excitation wavelengths (including 300 nm, 330 nm, 350 nm, 396 nm, 
etc.) were used and the resultant emission spectra were recorded for each, although only 
the relevant, clearly identifiable peaks are reported in Table 4.   The only two complexes for 
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which clear peaks could be indentified from the given excitation region, were 
Eu(TPPO)3(NO3)3 and Tb(TPPO)3(NO3)3 (Figures 6 and 7).  This was to be expected as only 
Eu(III) and Tb(III) are both excited by and emit light in the visible region [11].   
Table 4:  The emission peaks observed for Eu(TPPO)3(NO3)3 and Tb(TPPO)3(NO3)3 in 10
-3
 M concentration in 
ethanolic solution. 
Excitation  
wavelength (nm) 
Lanthanide(III) 
Peak 
wavelength (nm) 
396 Eu 618 
  594 
300 Eu 618 
 Tb 620 
  588 
  544 
  492 
330 Tb 584 
  546 
  488 
 
 
 
Figure 6:  The emission spectrum of Eu(TPPO)3(NO3)3 in ethanol at room temperature (excitation at 396 nm). 
 
Generally, direct excitation of Tb(III) and Eu(III) at their absorption peaks (370 nm and 
396 nm) is the only way to elicit detectable luminescence from these lanthanides, unless 
they are coordinated to suitable ligands that are able to act as antenna molecules [9]. In the 
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case of the Eu complex, clearly detectable emission peaks could only be seen when Eu(III) 
was directly excited at 396 nm, producing two peaks at 594 nm and 618 nm.   
 
 
Figure 7:  The emission spectrum of Tb(TPPO)3(NO3)3 in ethanol at room temperature (excitation at 300 nm). 
 
According to the literature, these peaks may be directly assigned to 5D0→
7Fj transitions, 
where j = 1 and j = 2, respectively [9,11,12].  The hypersensitive 5D0→
7F2 band is dominant in 
the emission spectrum, indicating that the structure has no imposed symmetry [9].  A weak 
intensity peak at 618 nm could be indentified in the spectrum of the Eu(III) complex that 
was excited at 300 nm, although significant spectral noise was observed on either side of 
the peak, making the accurate identification of any further emission bands impossible.  
For the Tb complex, typical Tb(III) emission spectra were obtained at 300 nm and 330 nm, 
both of which are far removed from its wavelength of direct excitation, indicating that the 
absorption cross-section of Tb(III) was successfully broadened  through indirect processes, 
such as the antenna effect, for example [9].   
Typical Tb(III) emission spectra include, among other, four emissive peaks that correspond 
to 5D4→
7Fj transitions (j = 6, 5, 4, 3) [11].  For excitation at 300 nm, the peaks corresponding 
to j = 6, 5, 4, 3 where observed at 492 nm, 544 nm, 588 nm and 620 nm, respectively.  When 
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the excitation wavelength was increased to 330 nm, however, only the j = 6, 5 and 4 
transitions could be distinguished at 488 nm, 546 nm and 584 nm, respectively.          
 
 
 
Figure 8: The crystal structure of La(TPPO)3(NO3)3. 
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Figure 9: The crystal structure of Ce(TPPO)3(NO3)3. 
 
 
Figure 10: The crystal structure of Pr(TPPO)3(NO3)3. 
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Figure 11: The crystal structure of Nd(TPPO)3(NO3)3. 
 
Figure 12: The crystal structure of Sm(TPPO)3(NO3)3. 
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Figure 13: The crystal structure of Gd(TPPO)3(NO3)3. 
 
Figure 14: The crystal structure of Tb(TPPO)3(NO3)3. 
 
34 
 
 
Figure 15: The crystal structure of Dy(TPPO)3(NO3)3. 
 
Figure 16: The crystal structure of Er(TPPO)3(NO3)3. 
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Table 5:  Selected bond lengths and angles for La(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
La – O(1) 2.419(2) O(1) – La – O(2) 84.99(8) 
La – O(2) 2.402(2) O(1) – La – O(3) 153.67(7) 
La – O(3) 2.423(2) O(2) – La – O(3) 87.86(7) 
La – O(502) 2.652(2) O(502) – La – O(503) 48.98(7) 
La – O(503) 2.607(2) O(512) – La – O(513) 48.80(7) 
La – O(512) 2.615(2) O(522) – La – O(523) 49.24(7) 
La – O(513) 2.621(3) La – O(1) – P(1) 171.7(1) 
La – O(522) 2.566(2) La – O(2) – P(2) 171.4(1) 
La – O(523) 2.628(2) La – O(3) – P(3) 170.3(1) 
P (1) – O(1) 1.505(2)   
P (2) – O(2) 1.504(2)   
P (3) – O(3) 1.504(2)   
 
 
 
 
 
Table 6:  Selected bond lengths and angles for Ce(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Ce – O(1) 2.400(1) O(1) – Ce – O(2) 87.50(5) 
Ce – O(2) 2.379(2) O(1) – Ce – O(3) 153.60(6) 
Ce – O(3) 2.395(2) O(2) – Ce – O(3) 85.14(5) 
Ce – O(502) 2.605(1) O(502) – Ce – O(503) 49.71(5) 
Ce – O(503) 2.545(1) O(512) – Ce – O(513) 49.17(5) 
Ce – O(512) 2.591(2) O(522) – Ce – O(523) 49.43(5) 
Ce – O(513) 2.598(2) Ce – O(1) – P(1) 170.23(9) 
Ce – O(522) 2.580(2) Ce – O(2) – P(2) 171.7(1) 
Ce – O(523) 2.598(2) Ce – O(3) – P(3) 172.1(1) 
P (1) – O(1) 1.500(2)   
P (2) – O(2) 1.501(2)   
P (3) – O(3) 1.502(2)   
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Table 7:  Selected bond lengths and angles for Pr(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Pr – O(1) 2.378(3) O(1) – Pr – O(2) 85.0(1) 
Pr – O(2) 2.360(3) O(1) – Pr – O(3) 153.1(1) 
Pr – O(3) 2.387(3) O(2) – Pr – O(3) 87.6(1) 
Pr – O(502) 2.563(3) O(502) – Pr – O(503) 49.8(1) 
Pr – O(503) 2.589(3) O(512) – Pr – O(513) 49.6(1) 
Pr – O(512) 2.588(3) O(522) – Pr – O(523) 50.08(9) 
Pr – O(513) 2.567(3) Pr – O(1) – P(1) 172.6(2) 
Pr – O(522) 2.522(3) Pr – O(2) – P(2) 172.0(2) 
Pr – O(523) 2.588(3) Pr – O(3) – P(3) 170.8(2) 
P (1) – O(1) 1.502(3)   
P (2) – O(2) 1.507(3)   
P (3) – O(3) 1.497(3)   
 
 
 
 
 
Table 8:  Selected bond lengths and angles for Nd(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Nd – O(1) 2.346(2) O(1) – Nd – O(2) 87.29(8) 
Nd – O(2) 2.372(2) O(1) – Nd – O(3) 85.17(8) 
Nd – O(3) 2.368(2) O(2) – Nd– O(3) 152.29(8) 
Nd – O(12) 2.574(2) O(12) – Nd – O(13) 50.25(7) 
Nd – O(13) 2.511(2) O(22) – Nd – O(23) 49.57(8) 
Nd – O(22) 2.556(2) O(32) – Nd – O(33) 49.88(8) 
Nd – O(23) 2.569(3) Nd – O(1) – P(1) 172.6(1) 
Nd – O(32) 2.565(2) Nd – O(2) – P(2) 171.0(1) 
Nd – O(33) 2.538(2) Nd – O(3) – P(3) 173.0(2) 
P (1) – O(1) 1.504(2)   
P (2) – O(2) 1.494(2)   
P (3) – O(3) 1.494(3)   
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Table 9:  Selected bond lengths and angles for Sm(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Sm – O(1) 2.344(2) O(1) – Sm – O(2) 87.29(6) 
Sm – O(2) 2.323(2) O(1) – Sm – O(3) 152.24(6) 
Sm – O(3) 2.332(2) O(2) – Sm – O(3) 84.85(6) 
Sm – O(502) 2.476(2) O(502) – Sm – O(503) 50.93(5) 
Sm – O(503) 2.549(2) O(512) – Sm – O(513) 50.41(6) 
Sm – O(512) 2.520(2) O(522) – Sm – O(523) 50.73(6) 
Sm – O(513) 2.540(2) Sm – O(1) – P(1) 170.8(1) 
Sm – O(522) 2.509(2) Sm – O(2) – P(2) 172.2(1) 
Sm – O(523) 2.539(2) Sm – O(3) – P(3) 173.5(1) 
P (1) – O(1) 1.498(2)   
P (2) – O(2) 1.501(2)   
P (3) – O(3) 1.501(2)   
 
 
 
 
 
Table 10:  Selected bond lengths and angles for Eu(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Eu – O(1) 2.331(2) O(1) – Eu – O(2) 85.51(9) 
Eu – O(2) 2.306(3) O(1) – Eu – O(3) 152.03(8) 
Eu – O(3) 2.338(2) O(2) – Eu – O(3) 86.94(8) 
Eu – O(51) 2.535(2) O(51) – Eu – O(52) 51.05(8) 
Eu – O(52) 2.467(2) O(61) – Eu – O(62) 50.11(9) 
Eu – O(561) 2.518(3) O(71) – Eu – O(72) 50.74(9) 
Eu – O(562) 2.539(3) Eu – O(1) – P(1) 173.7(2) 
Eu – O(571) 2.493(3) Eu – O(2) – P(2) 172.6(2) 
Eu – O(572) 2.526(3) Eu – O(3) – P(3) 171.1(1) 
P (1) – O(1) 1.497(3)   
P (2) – O(2) 1.502(3)   
P (3) – O(3) 1.492(2)   
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Table 11:  Selected bond lengths and angles for Gd(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Gd – O(1) 2.301(3) O(1) – Gd – O(2) 87.29(9) 
Gd – O(2) 2.323(2) O(1) – Gd – O(3) 84.7(1) 
Gd – O(3) 2.314(3) O(2) – Gd – O(3) 151.76(9) 
Gd – O(502) 2.452(2) O(502) – Gd – O(503) 51.50(8) 
Gd – O(503) 2.524(2) O(512) – Gd – O(513) 51.1(1) 
Gd – O(512) 2.514(3) O(522) – Gd – O(523) 50.9(1) 
Gd – O(513) 2.483(3) Gd – O(1) – P(1) 172.1(2) 
Gd – O(522) 2.492(3) Gd – O(2) – P(2) 170.6(2) 
Gd – O(523) 2.524(3) Gd – O(3) – P(3) 174.4(2) 
P (1) – O(1) 1.503(3)   
P (2) – O(2) 1.501(3)   
P (3) – O(3) 1.499(3)   
 
 
 
 
Table 12:  Selected bond lengths and angles for Tb(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Tb – O(1) 2.257(2) O(1) – Tb – O(2) 85.84(8) 
Tb – O(2) 2.281(2) O(1) – Tb – O(3) 150.82(8) 
Tb – O(3) 2.289(2) O(2) – Tb – O(3) 82.92(8) 
Tb – O(502) 2.518(2) O(502) – Tb – O(503) 51.28(8) 
Tb – O(503) 2.475(2) O(512) – Tb – O(513) 51.42(8) 
Tb – O(512) 2.502(2) O(522) – Tb – O(523) 51.58(8) 
Tb – O(513) 2.445(2) Tb – O(1) – P(1) 173.0(2) 
Tb – O(522) 2.466(2) Tb – O(2) – P(2) 161.7(1) 
Tb – O(523) 2.472(2) Tb – O(3) – P(3) 155.5(1) 
P (1) – O(1) 1.502(3)   
P (2) – O(2) 1.503(2)   
P (3) – O(3) 1.494(3)   
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Table 13:  Selected bond lengths and angles for Dy(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Dy – O(1) 2.281(2) O(1) – Dy – O(2) 84.97(7) 
Dy – O(2) 2.278(2) O(1) – Dy – O(3) 151.52(7) 
Dy – O(3) 2.290(2) O(2) – Dy – O(3) 87.16(7) 
Dy – O(502) 2.457(2) O(502) – Dy – O(503) 51.54(7) 
Dy – O(503) 2.483(2) O(512) – Dy – O(513) 51.24(7) 
Dy – O(512) 2.498(3) O(522) – Dy – O(523) 51.98(6) 
Dy – O(513) 2.467(2) Dy – O(1) – P(1) 175.6(1) 
Dy – O(522) 2.504(2) Dy – O(2) – P(2) 171.6(1) 
Dy – O(523) 2.424(2) Dy – O(3) – P(3) 170.5(1) 
P (1) – O(1) 1.498(2)   
P (2) – O(2) 1.502(2)   
P (3) – O(3) 1.499(2)   
 
Table 14:  Selected bond lengths and angles for Er(TPPO)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Er – O(1) 2.277(2) O(1) – Er – O(2) 86.75(8) 
Er – O(2) 2.254(2) O(1) – Er – O(3) 151.19(8) 
Er – O(3) 2.269(2) O(2) – Er – O(3) 85.45(9) 
Er – O(502) 2.434(3) O(502) – Er – O(503) 51.62(9) 
Er – O(503) 2.457(3) O(512) – Er – O(513) 51.32(9) 
Er – O(512) 2.481(3) O(522) – Er – O(523) 52.27(8) 
Er – O(513) 2.455(3) Er – O(1) – P(1) 170.9(1) 
Er – O(522) 2.399(2) Er – O(2) – P(2) 172.2(2) 
Er – O(523) 2.485(2) Er – O(3) – P(3) 175.5(2) 
P (1) – O(1) 1.493(2)   
P (2) – O(2) 1.500(3)   
P (3) – O(3) 1.494(3)   
 
Table 15:  Selected bond lengths and angles for [Yb(TPPO)4(NO3)2]NO3. 
Bond lengths (Å) Bond Angles (°) 
Yb – O(1) 2.239(3) O(1) – Yb – O(2) 154.6(1) 
Yb – O(2) 2.214(3) O(1) – Yb – O(1i) 91.6(1) 
Yb – O(11) 2.406(3) O(2) – Yb – O(1i) 95.0(1) 
Yb – O(12) 2.441(3) O(2) – Yb – O(2i) 89.5(1) 
P (1) – O(1) 1.502(3) O(11) – Yb – O(12) 52.6(1) 
P (2) – O(2) 1.495(3) Yb – O(1) – P(1) 166.4(2) 
  Yb – O(2) – P(2) 171.9(2) 
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Table 16:  Crystal and structure refinement data for Ln(TPPO)3(NO3)3, where Ln = La – Pr. 
Formula C54H45LaN3O12P3 C54H45CeN3O12P3 C54H45PrN3O12P3 
Fromula Weight  1159.73 1176.96 1192.72 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c P21/c P21/c 
Unit Cell Dimensions     a 14.5450 (6) 14.5260 (3) 14.5120 (6) 
                                          b 18.3940 (8) 18.3880 (4) 18.3980 (7) 
                                          c 20.5330 (9) 20.4950 (4) 20.5200 (8) 
                                          α 90 90 90 
                                          β 101.804 (2) 102.045 (1) 102.385 (2) 
                                          γ 90 90 90 
Volume (Å3) 5377.3 (4) 5353.78 (19) 5351.2 (4) 
Z 4 4 4 
Density (calculated) (g.cm-3) 1.433 1.460 1.480 
Absorption Coefficient (mm-1) 0.947 1.006 1.094 
F(000) 2352 2388 2420 
Θ range  1.8:28.4 1.9:28.3 1.5: 28.4 
Index Ranges                  h -19 :19 -19 :19 -18: 19 
                                          k -24: 24 -24: 24 -24: 21 
                                          l -17:27 -27:25 -27: 27 
Reflections measured 48960 49150 48309 
Independent/Observed reflections 13365, 11259 13293, 10712 13315, 9383 
Data/Parameters 13365, 658 13293, 667 13315, 667 
Goodness-of-fit on F2 1.13 1.03 1.07 
Final R Indices [I>2σ(I)] 0.0396 0.0297 0.0507 
wR2 0.0937 0.0674 0.1278 
Largest diffraction peak/hole (e Å-3) -1.50, 1.30 -0.54, 0.86 -1.87, 2.40 
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Table 17:  Crystal and structure refinement data for Ln(TPPO)3(NO3)3, where Ln = Nd – Eu. 
Formula C54H45NdN3O12P3 C54H45SmN3O12P3 C54H45EuN3O12P3 
Fromula Weight  1181.08 1187.20 1188.80 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c P21/c P21/c 
Unit Cell Dimensions     a 14.5730 (3) 14.4690 (3) 14.580 (1) 
                                          b 18.4890 (4) 18.3990 (4) 18.4970 (11) 
                                          c 20.6110 (4) 20.4950 (4) 20.6050 (15) 
                                          α 90 90 90 
                                          β 102.449 (1) 102.602 (1) 102.766 (2) 
                                          γ 90 90 90 
Volume (Å3) 5425.50 (19) 5324.64 (19) 5419.5 (6) 
Z 4 4 4 
Density (calculated) (g.cm-3) 1.446 1.481 1.457 
Absorption Coefficient (mm-1) 1.110 1.259 1.311 
F(000) 2396 2404 2408 
Θ range  3.1: 28.3 1.8: 28.3 2.9: 28.0 
Index Ranges                  h -19: 16 -19: 18 -19: 19 
                                          k -22: 24 -20: 24 -24: 24 
                                          l -27: 27 -26: 27 -27: 27 
Reflections measured 49009 49523 46590 
Independent/Observed reflections 13455, 10498 13237, 10865 12967, 10881 
Data/Parameters 13455, 667 13237, 667 12967, 667 
Goodness-of-fit on F2 1.20 1.07 1.20 
Final R Indices [I>2σ(I)] 0.0386 0.0311 0.0371 
wR2 0.0812 0.0660 0.0889 
Largest diffraction peak/hole (e Å-3) -0.99, 2.69 -0.84, 1.28 -0.89, 1.43 
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Table 18:  Crystal and structure refinement data for Ln(TPPO)3(NO3)3, where Ln = Gd – Dy. 
Formula C54H45GdN3O12P3 C54H45TbN3O12P3 C54H45DyN3O12P3 
Fromula Weight  1194.09 1179.77 1199.34 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c P21/c P21/c 
Unit Cell Dimensions     a 14.4490 (6) 11.0210 (5) 14.3780 (4) 
                                          b 18.4200 (7) 11.3950 (5) 18.4220 (5) 
                                          c 20.5470 (7) 41.6680 (17) 20.6130 (6) 
                                          α 90 90 90 
                                          β 103.331 (1) 92.533 (2) 104.328 (1) 
                                          γ 90 90 90 
Volume (Å3) 5321.2 (4) 5227.7 (4) 5290.0 (3) 
Z 4 4 4 
Density (calculated) (g.cm-3) 1.490 1.499 1.506 
Absorption Coefficient (mm-1) 1.403 1.509 1.570 
F(000) 2412 2384 2420 
Θ range  1.8: 28.3 1.9: 28.4 2.2: 28.4 
Index Ranges                  h -19: 19 -14: 14 -19: 18 
                                          k -24: 24 -10: 15 -22: 24 
                                          l -24: 27 -54: 55 -27: 25 
Reflections measured 47650 49785 49176 
Independent/Observed reflections 13219, 11943 13075, 11921 13179, 11987 
Data/Parameters 13219, 667 13075, 658 13179, 667 
Goodness-of-fit on F2 1.34 1.26 1.23 
Final R Indices [I>2σ(I)] 0.0447 0.0430 0.0322 
wR2 0.0932 0.0868 0.0710 
Largest diffraction peak/hole (e Å-3) -2.20, 1.64 -3.14, 2.17 -0.87, 1.70 
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Table 19:  Crystal and structure refinement data for Er(TPPO)3(NO3)3 and Yb(TPPO)4(NO3)2. 
Formula C54H45ErN3O12P3 C72H60YbN2O10P3 
Fromula Weight  1204.10 1596.17 
Crystal System Monoclinic Orthorhombic 
Space Group P21/c Pccn 
Unit Cell Dimensions     a 14.4400 (4) 16.054 (5) 
                                          b 18.5170 (4) 16.683 (5) 
                                          c 20.6660 (5) 26.690 (5) 
                                          α 90 90 
                                          β 104.530 (1) 90 
                                          γ 90 90 
Volume (Å3) 5349.1 (2) 7148 (3) 
Z 4 4 
Density (calculated) (g.cm-3) 1.495 1.483 
Absorption Coefficient (mm-1) 1.724 1.473 
F(000) 2428 3236 
Θ range  3.0: 28.3 1.5: 28.3 
Index Ranges                  h -19: 19 -21: 10 
                                          k -24: 24 -21: 22 
                                          l -27: 27 -35: 29 
Reflections measured 51402 34201 
Independent/Observed reflections 13255, 10451 8886, 6548 
Data/Parameters 13255, 667 8886, 426 
Goodness-of-fit on F2 1.07 1.28 
Final R Indices [I>2σ(I)] 0.0356 0.0423 
wR2 0.0868 0.1754 
Largest diffraction peak/hole (e Å-3) -0.78, 1.98 -1.48, 1.52 
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Table 20: Summary of synthesis reactions. 
Complex 
Mass Lanthanide 
Nitrate Salt (g) 
Mass PMU 
Ligand (g) 
Yield (%) 
Melting Point 
(°C) 
La(TPPO)3(NO3)3 0.4502 0.8398 71 216 
Ce(TPPO)3(NO3)3 0.4418 0.8325 71 230 
Pr(TPPO)3(NO3)3 0.4448 0.8372 81 219 
Nd(TPPO)3(NO3)3 0.4525 0.8422 73 236 
Sm(TPPO)3(NO3)3 0.4457 0.8370 71 214 
Eu(TPPO)3(NO3)3 0.4507 0.8319 70 205 
Gd(TPPO)3(NO3)3 0.4633 0.8511 89 245 
Tb(TPPO)3(NO3)3 0.4482 0.8988 73 222 
Dy(TPPO)3(NO3)3 0.4400 0.8385 73 237 
Er(TPPO)3(NO3)3 0.4214 0.8431 70 218 
Tm(TPPO)3(NO3)3 0.4523 0.8406 72 234 
[Yb(TPPO)4(NO3)2]NO3 0.4432 0.8463 71 230 
Lu(TPPO)3(NO3)3 0.4504 0.8912 74 232 
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4. Complexes with Bis(pentamethylene)urea 
4.1 Introduction 
Bis(pentamethylene)urea (PMU) (Figure 1) is an oxygen-donor ligand for which very little 
information has been published in the literature.  Only a few examples can be found in 
complexes such as Ln(CF3SO3)3(PMU)5(H2O)2, where Ln = La, Ce, Nd, Sm, Eu, Gd, Ho, Yb; 
Eu(HBpz3)2·PMU, where HBpz3 = hydrotris(pyrazol-1-yl)borate; and Ln(pic)3(PMU)3 , (pic = 
picrate and Ln = La-Er, Y) [1,2,3].  Although complexes of the type Ln(PMU)3(NO3)3, (Ln = La, 
Nd, Sm, Eu, Ho, Er) have been reported, crystal structures and crystallographic data are only 
published for the La and Nd complexes with very little analytical data given [4,5].   
This chapter reports the synthesis, crystal structures, analysis and characterisation of 
Ln(PMU)3(NO3)3 for Ln = La – Gd, Dy, Er*, Yb and Lu.  (*No crystal structure could be 
obtained for the Er complex, but the characterisation data is included). 
Despite the limited information that is available, PMU is both similar and different from the 
ligand used in the previous chapter, TPPO.  The presence of the carbonyl oxygen makes it 
ideal for coordination to oxophylic Ln(III) centres, but the two aliphatic rings of PMU are 
sterically smaller than the triphenylphosphine groups of TPPO.  As a result, it would be 
reasonable to expect that complexes of PMU with the lanthanide nitrates could have 
greater coordination numbers than those observed in the previous chapter. 
  
 
Figure 1:  Structure of bis(pentamethylene)urea (PMU). 
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4.2 Synthesis 
The synthesis of the complexes was achieved by a relatively simple protocol that was 
applied similarly for all the lanthanide precursors and is summarised by Scheme 1.   
Mass equivalents of 3 mmol of PMU to 1 mmol of the lanthanide nitrate salts were 
dissolved separately in 10 ml of EtOH.  The solutions were then combined and shaken 
thoroughly to ensure complete mixing.  Following this, the solutions were filtered and 
decanted into 30 ml glass pill vials, and left open to the atmosphere for evaporation.  In all 
cases complexes with the general formula Ln(PMU)3(NO3)3 were isolated. 
 
Ln(NO3)3  xH2O +
1                                   :                                         3
N N
O
 
Scheme 1:  General synthetic protocol applied for the synthesis of complexes with PMU, where x = 5/6. 
 
For the complexes of La – Gd, Yb and Lu, XRD-quality crystals were formed within three 
days.  In the case of Dy, however, a recrystallization step had to be included.  The solid, 
which was originally obtained by evaporation of the mother liquor, was redissolved in hot 
acetone and the resultant solution was then filtered and decanted into a pill vial, which was 
covered with parafilm and left to stand at room temperature.  Large, XRD-quality crystals 
grew from this solution overnight. 
Numerous attempts to grow good quality crystals for the Er and Ho complexes failed, 
resulting only in the formation of a pale pink and orange precipitates, respectively, which 
was characterised by IR analysis and found to have IR spectra that were near identical to 
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those of the other complexes in the series (Figure 2).  The solution mixtures of the 
remaining Ln(III) (Tb, Tm) metals refused to either precipitate or crystallize, despite various 
crystallization techniques and attempts at tweaking the synthetic protocol; and as a result, 
no relevant analytical data could be obtained for them.  For all the reactions from which 
products could be obtained, very high yields were observed (Table 12).  
4.3 Results and Discussion 
4.3.1 Infrared Spectroscopy 
The IR spectra (Figure 2) of the Ln(III) complexes with PMU were very similar across the 
series, with a few exceptions which will be discussed below.  The diagnostic IR bands 
assigned to the nitrate vibrations are reported in Table 1.  The frequencies of the bands, as 
well as the order in which they appeared in the spectrum, confirm the presence of bidentate 
nitrate ligands, while the lack of bands at 1384 cm-1 indicate that no nitrate counter-ions 
were present in any of the complexes [6].  This result agrees well with the crystal structures 
of the complexes (Figures 5,7-16).   
 
 
Figure 2:  Overlay plot of the IR spectra for the series of complexes with PMU. 
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It is noticeable that the strong band, corresponding to ν(C=O), which appears at 1635 cm-1 in 
the free ligand, shifts to between 1543 cm-1 and 1556 cm-1 in the spectra of all but two of 
the complexes [Yb(PMU)3(NO3)3, Lu(PMU)3(NO3)3] indicating that the ligand coordinated to 
the metal centres via the carbonyl oxygen [4]. 
In the case of Yb(PMU)3(NO3)3 and Lu(PMU)3(NO3)3 the continued presence of medium 
intensity bands at 1639 cm-1 and 1640 cm-1, respectively, can be attributed to ν(C=O) of the 
free ligand that crystallized out with the complexes in their crystal lattices.   
Table 1: The IR data for the solid state complexes of the lanthanides with PMU. 
Lanthanide ν(CO) (cm-1) ν1 (cm
-1) ν2 (cm
-1) ν5 (cm
-1) 
La 1543 1435 1028 1283 
Ce 1543 1435 1028 1284 
Pr 1543 1436 1028 1285 
Nd 1543 1436 1029 1286 
Sm 1555 1439 1029 1288 
Eu 1554 1439 1029 1290 
Gd 1551 1439 1031 1295 
Dy 1545 1439 1031 1296 
Ho 1556 1439 1031 1296 
Er 1555 1439 1031 1296 
Yb 1639 1440 1033 1303 
Lu 1640 1440 1032 1304 
 
The bands assigned to the nitrate vibrations can be identified as relatively broad peaks at 
approximately 1440 cm-1 (ν1), sharp, intense peaks around 1300 cm
-1 (ν5) and sharp, 
medium intensity peaks at roughly 1030 cm-1 [7].  A clear increasing trend can be observed 
for the frequency of the ν5 band as the series is traversed (Table 1).  The shift in frequency 
of ν5 from 1283 cm
-1 [La(PMU)3(NO3)3] to 1304 cm
-1 [Lu(PMU)3(NO3)3], represents a 
significant increase, as opposed to the slight shifts in the positions of ν1 and ν2, which can 
also be observed.  This shift is echoed in the Ln-O(N) bonds, which decrease significantly in 
length from the La complex to the Lu complex (Tables 2 - 11).  There is therefore a clear 
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connection between the length of the Ln–O(N) bonds in the complexes, and the frequencies 
of their ν5 bands.  The length of the Ln-O(N) bonds shorten progressively throughout the 
series, likely due to lanthanide contraction.  As the bonds shorten, they become stronger 
and, consequently, the frequency of the associated ν5 bands increase.   
4.3.2 Photoluminescence 
As mentioned in the previous chapter, only the lanthanides Eu(III) and Tb(III) are both 
excited by, and emit light, in the visible region.  As a Tb(III) complex with PMU could not be 
isolated, photoluminescence analysis was limited to that of Eu(PMU)3(NO3)3.  Both the 
excitation and emission spectra of 10-3 M solutions (ethanol) of the complex were 
complicated by noise, most likely due to solvent effects.  Despite the noise, however, clear 
excitation and emission peaks could be identified (Figures 3 and 4).   
 
 
Figure 3:  Excitation spectrum of Eu(PMU)3(NO3)3 in ethanol at room temperature (emission at 616 nm). 
 
When the excitation spectrum is compared to similar solid state spectra in the literature, 
the peaks appear at the corresponding positions (300 nm and 394 nm), but the spectrum is 
clearly very distorted by solvent effects [7].     
0 
50 
100 
150 
200 
250 
300 
350 
400 
450 
300 320 340 360 380 400 420 440 
Fl
u
o
re
se
ce
n
ce
 (
FU
) 
Wavelength (nm) 
51 
 
The emission peaks observed for Eu(PMU)3(NO3)3 at 594 nm and 616 nm can be assigned to 
5D0→
7F1 and 
5D0→
7F2 transitions, respectively [8].  A third peak, attributed to the 
5D0→
7F0 
transitions and commonly observed at 580 nm, could not be identified in this case, most 
likely due to quenching by the solvent [7].   
 
 
Figure 4:  Emission spectrum of Eu(PMU)3(NO3)3 in ethanol at room temperature (excitation at 396 nm). 
 
The hypersensitive 5D0→
7F2 transition is far more intense than the magnetic-dipole allowed 
5D0→
7F1 transition, indicating that the coordination sphere of the complex is non-
centrosymmetric.  In fact, where central symmetry is present, the expected ratio of 
5D0→
7F2:
 5D0→
7F1 is less than 1:0.7 [7].   
Contrary to what was observed in Chapter 3, PMU does not prove to be a suitable ligand for 
antenna-to-cation sensitization, as decent emission spectra for Eu(III) could only be 
obtained by direct excitation at 396 nm  This is possibly explained by the fact that Eu(III) has 
a low-lying charge transfer excited state, which makes it vulnerable to non-radiative 
quenching, caused by back energy transfer onto the ligand.  Because the metal accepting 
states are relatively broad, the smallest differences in energy can lead to significant changes 
in the amount of spectral overlap, which, in turn, affects the overall quantum yield [8].   
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4.3.3 Crystal Data 
The PMU complexes have very similar crystal structures, all of which are nine-coordinated.  
The Ln(III) cores are coordinated to the oxygen moieties of three bidentate nitrate ligands 
and the carbonyl oxygen atoms of three PMU ligands.  Selected bond lengths and angles are 
given in Tables 2 – 11 and the data collection and refinement details for the crystal 
structures are reported in Tables 13 – 16.  The individual crystal structures of each complex 
with PMU are shown in Figures 7 – 16, but the Ce complex is given below in Figure 5 as a 
representative example.   
 
 
Figure 5:  The crystal structure of nine-coordinated Ce(PMU)3(NO3)3. 
 
Surprisingly, the crystals obtained for the Lu and Yb complexes include uncoordinated PMU 
molecules, which crystallized out in the same lattice.  Acetone was found as solvent of 
crystallization in the lattice of Dy(PMU)3(NO3)3.  For the sake of clarity, however, these 
molecules of crystallization were omitted from the crystal structures shown in Figures 13 – 
16.  The symmetry of the complexes is best described as distorted trigonal prismatic, where 
one base of the prism is made up by the oxygen atoms of the three PMU ligands and the 
other base is made up by one oxygen of each of the coordinated nitrate ligands [4,5].  The 
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second oxygen atom of each of the nitrate groups protrudes upwards and occupy capping 
positions (Figure 6).   
The average Ln-O(C) and Ln-O(N) bond lengths decrease from 2.438(1) Å and 2.610(1) Å, 
respectively, for the La complex to 2.248(3) Å and 2.420(3) Å for the Lu complex.  The 
average Ln–O–C angles decrease correspondingly from 167.37(1) ° to 152.47(3) °, deviating 
further from linearity as the Ln(III) atomic number increases.  Conversely, the O–Ln–O 
chelate bite angles increase from 48.76(4) ° in the La complex to 52.63(1) ° in the Lu 
analogue.   
 
 
Figure 6:  Graphic illustration of the trigonal prismatic symmetry observed for the complexes with PMU, 
where the illustrated planes represent the two bases of the prism. 
 
The internal O–N–O angles of the nitrate ligands decrease only slightly from 116.5(2) ° to 
115.4(1) °.  Thus, the shortening of the Ln-O(N) bonds, caused by the lanthanide 
contraction, together with the relatively constant internal O–N–O angles, lead to the 
progressive widening of the nitrate bite angle in order to facilitate bidentate coordination of 
the nitrate ligand to the metal as the radii of the Ln(III) ions decrease.    
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Figure 7:  The crystal structure of La(PMU)3(NO3)3. 
 
Figure 8:  The crystal structure of Ce(PMU)3(NO3)3. 
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Figure 9:  The crystal structure of Pr(PMU)3(NO3)3. 
 
Figure 10:  The crystal structure of Nd(PMU)3(NO3)3. 
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Figure 11:  The crystal structure of Sm(PMU)3(NO3)3. 
 
Figure 12:  The crystal structure of Eu(PMU)3(NO3)3. 
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Figure 13:  The crystal structure of Gd(PMU)3(NO3)3. 
 
Figure 14:  The crystal structure of Dy(PMU)3(NO3)3∙(C3H6O) (the acetone molecule was omitted for clarity). 
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Figure 15:  The crystal structure of Lu(PMU)3(NO3)3∙PMU (the uncoordinated PMU molecule was omitted for 
clarity). 
 
Figure 16:  The crystal structure of Yb(PMU)3(NO3)3∙PMU (the uncoordinated PMU molecule was omitted for 
clarity). 
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Table 2:  Selected bond lengths and angles for La(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
La – O(1) 2.438(1) O(1) – La – O(2) 85.20(4) 
La – O(2) 2.445(1) O(1) – La – O(3) 86.01(4) 
La – O(3) 2.431(1) O(2) – La – O(3) 88.96(4) 
La – O(902) 2.586(1) O(902) – La – O(903) 49.16(4) 
La – O(903) 2.611(1) O(912) – La – O(913) 48.46(4) 
La – O(912) 2.627(1) O(922) – La – O(923) 48.65(4) 
La – O(913) 2.601(1) La – O(1) – C(1) 164.6(1) 
La – O(922) 2.631(1) La – O(2) – C(2) 168.0(1) 
La – O(923) 2.604(1) La – O(3) – C(3) 169.5(1) 
C (1) – O(1) 1.256(2)   
C (2) – O(2) 1.253(2)   
C (3) – O(3) 1.257(2)   
 
 
 
 
 
Table 3:  Selected bond lengths and angles for Ce(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Ce – O(1) 2.419(1) O(1) – Ce – O(3) 85.29(5) 
Ce – O(3) 2.413(2) O(1) – Ce – O(4) 55.95(5) 
Ce – O(4) 2.406(2) O(3) – Ce – O(4) 86.18(5) 
Ce – O(502) 2.563(2) O(502) – Ce – O(503) 49.48(5) 
Ce – O(503) 2.586(2) O(511) – Ce – O(512) 48.83(5) 
Ce – O(511) 2.580(2) O(522) – Ce – O(523) 49.00(5) 
Ce – O(512) 2.607(2) Ce – O(1) – C(1) 167.7(1) 
Ce – O(522) 2.579(2) Ce – O(3) – C(3) 164.6(1) 
Ce – O(523) 2.608(2) Ce – O(4) – C(2) 168.9(1) 
C (1) – O(1) 1.251(2)   
C (2) – O(4) 1.258(3)   
C (3) – O(3) 1.252(3)   
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Table 4:  Selected bond lengths and angles for Pr(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Pr – O(1) 2.391(2) O(1) – Pr – O(2) 88.75(7) 
Pr – O(2) 2.408(2) O(1) – Pr – O(3) 86.10(6) 
Pr – O(3) 2.401(2) O(2) – Pr – O(3) 85.29(7) 
Pr – O(502) 2.560(2) O(502) – Pr – O(503) 49.46(6) 
Pr – O(503) 2.592(2) O(512) – Pr – O(513) 49.85(7) 
Pr – O(512) 2.552(2) O(522) – Pr – O(523) 49.11(7) 
Pr – O(513) 2.567(2) Pr – O(1) – C(1) 168.5(2) 
Pr – O(522) 2.590(2) Pr – O(2) – C(2) 167.6(2) 
Pr – O(523) 2.560(2) Pr – O(3) – C(3) 164.5(2) 
C (1) – O(1) 1.260(4)   
C (2) – O(2) 1.253(3)   
C (3) – O(3) 1.252(3)   
 
 
 
 
 
Table 5:  Selected bond lengths and angles for Nd(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Nd – O(1) 2.387(1) O(1) – Nd – O(2) 85.88(5) 
Nd – O(2) 2.382(1) O(1) – Nd – O(3) 85.22(5) 
Nd – O(3) 2.396(1) O(2) – Nd – O(3) 88.75(5) 
Nd – O(12) 2.554(1) O(12) – Nd – O(13) 50.24(5) 
Nd – O(13) 2.529(1) O(22) – Nd – O(23) 49.80(5) 
Nd – O(22) 2.578(1) O(32) – Nd – O(33) 49.66(5) 
Nd – O(23) 2.547(2) Nd – O(1) – C(1) 163.7(1) 
Nd – O(32) 2.544(2) Nd – O(2) – C(2) 168.3(1) 
Nd – O(33) 2.569(2) Nd – O(3) – C(3) 167.2(1) 
C (1) – O(1) 1.258(2)   
C (2) – O(2) 1.258(2)   
C (3) – O(3) 1.254(2)   
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Table 6:  Selected bond lengths and angles for Sm(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Sm – O(1) 2.364(3) O(1) – Sm – O(2) 86.4(1) 
Sm – O(2) 2.363(3) O(1) – Sm – O(3) 85.3(1) 
Sm – O(3) 2.352(3) O(2) – Sm – O(3) 91.3(1) 
Sm – O(52) 2.542(3) O(52) – Sm – O(53) 50.7(1) 
Sm – O(53) 2.475(3) O(62) – Sm – O63) 50.4(1) 
Sm – O(62) 2.478(3) O(72) – Sm – O(73) 50.6(1) 
Sm – O(63) 2.543(3) Sm – O(1) – C(1) 148.1(3) 
Sm – O(72) 2.542(4) Sm – O(2) – C(2) 154.2(3) 
Sm – O(73) 2.493(4) Sm – O(3) – C(3) 164.1(3) 
C (1) – O(1) 1.253(5)   
C (2) – O(2) 1.245(4)   
C (3) – O(3) 1.239(6)   
 
 
 
 
 
Table 7:  Selected bond lengths and angles for Eu(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Eu – O(2) 2.351(3) O(2) – Eu – O(3) 90.9(1) 
Eu – O(3) 2.352(4) O(2) – Eu – O(6) 84.9(1) 
Eu – O(6) 2.362(4) O(3) – Eu – O(6) 86.6(1) 
Eu – O(41) 2.538(4) O(41) – Eu – O(42) 51.2(1) 
Eu – O(42) 2.455(4) O(51) – Eu – O(52) 50.6(1) 
Eu – O(51) 2.543(4) O(61) – Eu – O(62) 50.5(1) 
Eu – O(52) 2.505(4) Eu – O(2) – C(2) 164.2(4) 
Eu – O(61) 2.471(4) Eu – O(3) – C(3) 154.0(3) 
Eu – O(62) 2.534(4) Eu – O(6) – C(21) 148.4(3) 
C (2) – O(2) 1.236(6)   
C (3) – O(3) 1.245(6)   
C (21) – O(6) 1.253(7)   
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Table 8:  Selected bond lengths and angles for Gd(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Gd – O(1) 2.334(3) O(1) – Gd – O(2) 86.2(1) 
Gd – O(2) 2.337(3) O(1) – Gd – O(3) 85.1(1) 
Gd – O(3) 2.331(3) O(2) – Gd – O(3) 90.6(1) 
Gd – O(52) 2.447(3) O(52) – Gd – O(53) 50.8(1) 
Gd – O(53) 2.525(3) O(62) – Gd – O(63) 51.2(1) 
Gd – O(62) 2.525(3) O(72) – Gd – O(73) 51.2(1) 
Gd – O(63) 2.444(3) Gd – O(1) – C(1) 148.3(3) 
Gd – O(72) 2.464(4) Gd – O(2) – C(2) 153.9(3) 
Gd – O(73) 2.516(4) Gd – O(3) – C(3) 163.9(3) 
C (1) – O(1) 1.250(5)   
C (2) – O(2) 1.243(4)   
C (3) – O(3) 1.237(6)   
 
 
 
 
 
Table 9:  Selected bond lengths and angles for Dy(PMU)3(NO3)3. 
Bond lengths (Å) Bond Angles (°) 
Dy – O(1) 2.294(3) O(1) – Dy – O(2) 86.2(1) 
Dy – O(2) 2.305(3) O(1) – Dy – O(3) 84.2(1) 
Dy – O(3) 2.309(3) O(2) – Dy – O(3) 87.5(1) 
Dy – O(502) 2.507(3) O(502) – Dy – O(503) 51.8(1) 
Dy – O(503) 2.431(3) O(512) – Dy – O(513) 52.0(1) 
Dy – O(512) 2.481(3) O(522) – Dy – O(523) 51.7(7) 
Dy – O(513) 2.447(3) Dy – O(1) – C(1) 153.0(3) 
Dy – O(522) 2.446(3) Dy – O(2) – C(2) 156.5(3) 
Dy – O(523) 2.494(3) Dy – O(3) – C(3) 156.1(3) 
C (1) – O(1) 1.251(5)   
C (2) – O(2) 1.242(5)   
C (3) – O(3) 1.234(5)   
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Table 10:  Selected bond lengths and angles for Yb(PMU)3(NO3)3∙PMU. 
Bond lengths (Å) Bond Angles (°) 
Yb – O(1) 2.260(2) O(1) – Yb – O(2) 85.10(6) 
Yb – O(2) 2.253(2) O(1) – Yb – O(3) 84.00(6) 
Yb – O(3) 2.252(2) O(2) – Yb – O(3) 85.28(6) 
Yb – O(502) 2.416(2) O(502) – Yb – O(503) 52.82(6) 
Yb – O(503) 2.378(2) O(512) – Yb – O(513) 52.50(6) 
Yb – O(512) 2.404(2) O(522) – Yb – O(523) 52.84(6) 
Yb – O(513) 2.463(1) Yb – O(1) – C(1) 147.1(2) 
Yb – O(522) 2.458(2) Yb – O(2) – C(2) 155.7(2) 
Yb – O(523) 2.382(2) Yb – O(3) – C(3) 153.4(2) 
C (1) – O(1) 1.264(2)   
C (2) – O(2) 1.253(3)   
C (3) – O(3) 1.254(3)   
 
 
 
 
 
Table 11:  Selected bond lengths and angles for Lu(PMU)3(NO3)3∙PMU . 
Bond lengths (Å) Bond Angles (°) 
Lu – O(1) 2.246(3) O(1) – Lu – O(2) 85.6(1) 
Lu – O(2) 2.247(3) O(1) – Lu – O(3) 83.9(1) 
Lu – O(3) 2.251(3) O(2) – Lu – O(3) 85.1(1) 
Lu – O(502) 2.464(3) O(502) – Lu – O(503) 52.6(1) 
Lu – O(503) 2.377(3) O(512) – Lu – O(513) 52.4(1) 
Lu – O(512) 2.461(2) O(522) – Lu – O(523) 52.9(1) 
Lu – O(513) 2.395(3) Lu – O(1) – C(1) 148.5(3) 
Lu – O(522) 2.462(3) Lu – O(2) – C(2) 155.7(3) 
Lu – O(523) 2.363(3) Lu – O(3) – C(3) 153.2(3) 
C (1) – O(1) 1.272(4)   
C (2) – O(2) 1.239(5)   
C (3) – O(3) 1.255(4)   
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Table 12:  Summary of synthesis data. 
Complex 
Mass Lanthanide 
Nitrate Salt (g) 
Mass PMU 
Ligand (g) 
Yield (%) 
Melting Point 
(°C) 
La(PMU)3(NO3)3 0.4538 0.5953 96 122 
Ce(PMU)3(NO3)3 0.4253 0.6079 99 146 
Pr(PMU)3(NO3)3 0.4593 0.5947 90 133 
Nd(PMU)3(NO3)3 0.4538 0.6012 94 146 
Sm(PMU)3(NO3)3 0.4857 0.6001 93 122 
Eu(PMU)3(NO3)3 0.4741 0.5979 92 132 
Gd(PMU)3(NO3)3 0.4749 0.6023 95 145 
Dy(PMU)3(NO3)3∙(C3H6O) 0.4257 0.5992 92 132 
Ho(PMU)3(NO3)3 0.4424 0.6032 90 128 
Er(PMU)3(NO3)3 0.4422 0.5996 94 144 
Yb(PMU)3(NO3)3∙(PMU) 0.4485 0.6008 95 124 
Lu(PMU)3(NO3)3∙(PMU) 0.3579 0.5887 92 135 
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Table 13:  Crystal and structure refinement data for Ln(PMU)3(NO3)3, where Ln = La – Pr. 
Formula C33H60LaN9O12 C33H60CeN9O12 C33H60PrN9O12 
Fromula Weight  913.81 915.02 915.81 
Crystal System Monoclinic Monoclinic Monoclinic 
Space Group P21/c P21/c P21/c 
Unit Cell Dimensions     a (Å) 9.8710 (3) 9.8674 (2) 9.8641 (5) 
                                          b (Å) 21.8330 (7) 21.7925 (5) 21.798 (1) 
                                          c (Å) 19.4040 (6) 19.3472 (4) 19.341 (1) 
                                          β (°) 103.969 (1) 103.980 (1) 103.966 (2) 
Volume (Å3) 4058.2 (2) 4037.1 (2) 4035.4 (4) 
Z 4 4 4 
Density (calculated) (g.cm-3) 1.496 1.505 1.507 
Absorption Coefficient (mm-1) 1.122 1.197 1.277 
F(000) 1896 1900 1904 
Θ range  1.4: 28.3 2.8: 28.4 1.4: 28.3 
Index Ranges                  h -12: 13 -13: 13 -12: 13 
                                          k -29: 17 -29: 28 -28: 29 
                                          l -25: 25 -23: 25 -25: 25 
Reflections measured 35639 40579 38701 
Independent/Observed reflections 9982, 9140 10042, 8229 9947, 9019 
Data/Parameters 9982, 496 10042, 496 9947, 496 
Goodness-of-fit on F2 1.14 1.02 1.08 
Final R Indices [I>2σ(I)] 0.0224 0.0272 0.0341 
wR2 0.0511 0.0697 0.0840 
Largest diffraction peak/hole (e Å-3) -0.71, 0.87 -0.72, 1.59 -1.31, 1.99 
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Table 14:  Crystal and structure refinement data for Ln(PMU)3(NO3)3, where Ln = Nd – Eu. 
Formula C33H60NdN9O12 C33H60SmN9O12 C33H60EuN9O12 
Fromula Weight  919.14 925.26 928.83 
Crystal System Monoclinic Triclinic Triclinic 
Space Group P21/c P-1 P-1 
Unit Cell Dimensions     a (Å) 9.8550 (2) 9.816 (5) 9.817 (5) 
                                          b (Å) 21.7961 (5) 12.930 (5) 13.013 (5) 
                                          c (Å) 19.3481 (5) 16.685 (5) 16.670 (5) 
                                          α (°) 90 87.412 (5) 87.642 (5) 
                                          β (°) 103.964 (1) 86.722 (5) 87.019 (5) 
                                          γ (°) 90 80.091 (5) 79.905 (5) 
Volume (Å3) 4033 (2) 2078 (2) 2093 (2) 
Z 4 2 2 
Density (calculated) (g.cm-3) 1.514 1.479 1.474 
Absorption Coefficient (mm-1) 1.357 1.481 1.568 
F(000) 1908 958 960 
Θ range  1.4: 28.3 1.6: 27.5 1.2: 29.4 
Index Ranges                  h -13: 13 -12: 12 -11: 12 
                                          k -26: 29 -16: 16 -17: 17 
                                          l -25: 25 -21: 21 -23: 22 
Reflections measured 34980 35136 25958 
Independent/Observed reflections 9852, 8696 9469, 8724 8979, 8306 
Data/Parameters 9852, 496 9469, 496 8979, 496 
Goodness-of-fit on F2 1.07 1.10 1.14 
Final R Indices [I>2σ(I)] 0.0230 0.0435 0.0512 
wR2 0.0558 0.1136 0.1273 
Largest diffraction peak/hole (e Å-3) -0.69, 1.21 -1.24, 1.37 -1.33, 1.93 
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Table 15:  Crystal and structure refinement data for Gd(PMU)3(NO3)3 and Dy(PMU)3(NO3)3·C3H6O. 
Formula C33H60GdN9O12 C33H60DyN9O12, C3H6O 
Fromula Weight  932.00 995.48 
Crystal System Triclinic Orthorhombic 
Space Group P-1 Pbca 
Unit Cell Dimensions     a (Å) 9.788 (5) 21.6970 (5) 
                                          b (Å) 12.914 (5) 17.5530 (3) 
                                          c (Å) 16.631 (5) 23.9510 (5) 
                                          α (°) 87.253 (5) 90 
                                          β (°) 86.828 (5) 90 
                                          γ (°) 80.120 (5) 90 
Volume (Å3) 2066 (2) 9121.7 (3) 
Z 2 8 
Density (calculated) (g.cm-3) 1.498  1.450 
Absorption Coefficient (mm-1) 1.673 1.706 
F(000) 962 4120 
Θ range  1.6: 28.4 1.7: 28.3 
Index Ranges                  h -13: 12 -28: 20 
                                          k -17: 14 -23: 14 
                                          l -22: 21 -31: 31 
Reflections measured 35777 48832 
Independent/Observed reflections 10135, 9068 11311, 8408 
Data/Parameters 10135, 496 11311, 534 
Goodness-of-fit on F2 1.10 1.11 
Final R Indices [I>2σ(I)] 0.0433 0.0373 
wR2 0.1110 0.0916 
Largest diffraction peak/hole (e Å-3) -1.3, 1.6 -1.26, 1.56 
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Table 16:  Crystal and structure refinement data for Ln(PMU)3(NO3)3∙PMU , where Ln = Yb, Lu. 
Formula C33H60YbN9O12, C11H20N2O C33H60LuN9O12, C11H20N2O 
Fromula Weight  1144.23 1146.16 
Crystal System Monoclinic Monoclinic 
Space Group P21/c P21/c 
Unit Cell Dimensions     a (Å) 17.0360 (3) 17.1090 (4) 
                                          b (Å) 18.6520 (3) 18.7320 (5) 
                                          c (Å) 19.1838 (3) 19.3082 (4) 
                                          β (°) 121.532 (1) 121.509 (2) 
Volume (Å3) 5195.71 (16) 5275.6 (2) 
Z 4 4 
Density (calculated) (g.cm-3) 1.462 1.443 
Absorption Coefficient (mm-1) 1.870 1.941 
F(000) 2380 2384 
Θ range  1.8: 28.3 1.6: 28.3 
Index Ranges                  h -21: 22 -22: 17 
                                          k -22: 24 -24: 24 
                                          l -25: 25 -25: 25 
Reflections measured 48369 49217 
Independent/Observed reflections 12906, 10429 13097, 9780 
Data/Parameters 12906, 650 13097, 622 
Goodness-of-fit on F2 1.04 1.12 
Final R Indices [I>2σ(I)] 0.0242 0.0381 
wR2 0.0568 0.0.879 
Largest diffraction peak/hole (e Å-3) -0.80, 1.40 -1.34, 1.64 
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5. Complexes with 2,2’-Dipyridyl-N,N’-dioxide 
5.1 Introduction 
The compound 2,2’-dipyridyl-N,N’-dioxide (DPDO) is a potentially bidentate oxygen-donor 
ligand [1].  Interest in the ligand and its use in the synthesis of coordination compounds have 
increased considerably since the 1980s [2], and it is often used as a co-ligand in multi-ligand 
complexes such as the tricyanomethanide complex, Mn(DPDO)2(C4N3)2, and 
[Ln(DPDO)3(TPPO)3]
3+ [1,3].   
Metal complexes of DPDO are characterized by seven-membered chelate rings formed by the 
bidentate coordination of the DPDO ligands to metal centres [2].  Most Ln(III)-DPDO complexes 
are eight-coordinated, with four individual ligands coordinated to the metal centres in a 
bidentate fashion, assuming various geometries, including cubic, dodecahedral and square 
antiprismatic [4,5].  These complexes are not neutral, but carry +III charges, which are 
stabalized by perchlorate counter-ions [4,5].   
An interesting example is the neutral heterobimetallic complex [Gd(DPDO)2(H2O)3Fe(CN)6], in 
which the Gd(III) is eight-coordinated with square antiprismatic geometry [6].  Each DPDO 
ligand is bidentately coordinated, with one of the cyanide ligands on Fe(III) acting as a bridging 
ligand, with its nitrogen atom coordinated to Gd(III) [6].  
Although lanthanide complexes with coordination numbers ranging from 6 – 12 have been 
reported in the literature, ten-coordinate compounds remain rare [7], and few complexes with 
this coordination number have been described in the literature [8,9,10].   
This chapter describes the synthesis and characterisation of two novel ten-coordinated, neutral 
Ln(III) (Ln = La, Pr) complexes with DPDO.  The complexes were found to be near identical in 
terms of structure, and their respective characteristics are reported herein.        
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5.2 Synthesis 
The same simple synthetic protocol was designed and applied in the reaction of DPDO with all 
of the lanthanide nitrate salts (Scheme 1). 
Quantities amounting to 1 mmol of the lanthanide(III) nitrate salt and 3 mmol of DPDO were 
weighed off and added, separately, to 10 ml aliquots of ethanol at room temperature.  The 
ligand, however, was poorly soluble in ethanol, even when heated to boiling point.  As a result, 
some of the ligand remained suspended in solution.  It was thought, however, that upon 
combining the ligand suspension with the solution containing the lanthanide salt, the combined 
volume of the two (20 ml) would allow for better dissolution of the ligand to occur.  This did 
happen to a certain extent however, some ligand remained undissolved after heating and 
stirring of the metal-ligand ethanolic mixture.   
 
N N
OO
Ln(NO3)3     xH2O
1                     :                                3
 
Scheme 1:  The general synthetic protocol applied in the synthesis of DPDO complexes with the lanthanide 
nitrates. 
 
The filtrates were decanted into 30 ml glass pill vials and allowed to evaporate into the 
atmosphere at room temperature.  Within a few days small amounts of XRD-quality white and 
green crystals were formed from the solutions of the La and Pr complexes, respectively.  The 
synthesis was repeated with each of the lanthanide nitrate salts (La – Lu), but due to the 
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problems associated with crystal growth, crystals of sufficient quality could only be obtained for 
the complexes of La and Pr.   The details for the individual syntheses are given below. 
La(DPDO)(H2O)2(NO3)3: La(NO3)3·6H2O – 0.4448 g (1.03 mmol) 
    DPDO – 0.6108 g (3.25 mmol) 
    Yield – 23% (calculated from mass of crystalline product obtained) 
Melting Point – 277 °C 
1H NMR (295 K, ppm):  8.41 (s, 2H), 7.80 (s, 2H), 7.45 (s, 4H) 
Pr(DPDO)(H2O)2(NO3)3: Pr(NO3)3·6H2O – 0.4683 g (1.08 mmol) 
    DPDO – 0.5305 g (2.82 mmol) 
    Yield – 34% (calculated from mass of crystalline product obtained) 
Melting Point – 272 °C 
 
5.3 Results and Discussion 
5.3.1 Infrared Spectroscopy 
Infrared spectra of the complexes La(DPDO)(H2O)2(NO3)3 and Pr(DPDO)(H2O)2(NO3)3 were 
obtained from their respective crystals.  The spectra are given in Figure 1 and their diagnostic IR 
peaks are reported in Table 1.   
The spectra are nearly identical in accordance to the similarities in the structures of the two 
complexes.  The broad peaks at around 3400 cm-1 are assigned to hydrogen-bonded ν(OH), 
clearly indicating the presence of water in the coordination sphere.  The peak corresponding to 
the aromatic ν(NO) appears at 1251 cm-1 in the free ligand, but is shifted to lower frequencies 
(1238 cm-1 and 1239 cm-1) in the spectra of the La and Pr complexes, respectively.  This 
confirms that the ligand coordinates to the metal via the N-O group oxygen atoms.    
The presence of bidentate nitrate ligands is confirmed by the characteristic bands that 
correspond to ν1, ν2, ν5.  The peaks associated to ν1 appear as medium intensity peaks at 
1441 cm-1 and 1444 cm-1, in the La and Pr complexes, respectively, while the ν2 peaks appear as 
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sharp, medium intensity peaks at around 1041 cm-1.  The ν5 vibrations produce broad, intense 
peaks that appear at approximately 1293 cm-1.   
 
Figure 1:  Overlay plot of the IR spectra of Ln(DPDO)(H2O)2(NO3)3 for Ln = La, Pr. 
 
When the IR spectra obtained from the crystalline solids were compared to those obtained 
from the powder precipitates that were filtered out during the synthesis, there were some 
similarities in terms of peak positions, but they were far from identical (Figure 2).  The principal 
difference lay in the intensities of nitrate peaks in the respective spectra.  The peaks associated 
to the nitrate groups in the spectrum of the powder sample were either entirely absent or of 
very weak intensity.   
Table 1: The IR data for the solid state complexes of the lanthanides with DPDO. 
Lanthanide ν(OH) (cm-1) ν1 (cm
-1) ν2 (cm
-1) ν5 (cm
-1) 
La 3389 1441 1041 1293 
Pr 3405 1444 1041 1293 
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Because only some of the ligand remained undissolved during the synthesis, one would expect 
that the filtered solid would contain only pure ligand, as the dissolved nitrate salt would have 
remained in the filtrate.  When the IR spectrum of the solid is compared to that of pure DPDO 
ligand, however, it is clear that this is not the case (Figure 2).  It is possible that some of the 
dissolved nitrate salt became trapped with the solvent when the solid was filtered off.  This salt 
then precipitated out once the filtered solid had dried, resulting in a mixture of starting 
materials which gave rise to an IR spectrum similar to, but also different from, that of both the 
pure ligand and the lanthanide complex.     
 
 
Figure 2:  Overlay plot of the IR spectra that were obtained from the powder and crystalline products of the 
reaction between La(NO3)3·6H2O and DPDO. 
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5.3.2 Crystal Data 
The crystal structures of La(DPDO)(H2O)2(NO3)3 and Pr(DPDO)(H2O)2(NO3)3 are near identical 
(Figures 3 and 4).  In both cases, the Ln(III) centres are ten-coordinated, with the metal 
coordinated to the oxygen atoms of one DPDO ligand, two water molecules and three 
bidentate nitrate ligands.  Tables 2 and 3 report selected bond lengths and angles of both 
complexes and the collection and refinement data are given in Table 4.    
The ten-coordinated geometry is unusual [7] as Ln-DPDO complexes are mostly eight-
coordinated [4,6] and lanthanide complexes in general are either eight- or nine-coordinated 
[11].    Although ten-coordinated complexes of Ln(III) are relatively rare, a few examples can be 
found in the literature, including (N2H5)2[La(pyzCOO)5]·2H2O (pyz = 2-pyrazine) and La 
(C10H8N2)2(NO3)3 [7,12,13,14].  Often, however, these complexes contain elaborate multidenate 
ligands and these complexes are therefore rare examples of  relatively simple ten-coordinated 
Ln(III) complexes in which the Ln(III) centres are coordinated to more than two distinct ligands.   
 
 
Figure 3:  The crystal structure of La(DPDO)(H2O)2(NO3)3. 
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Coordination to both of the DPDO oxygen atoms results in the formation of stable seven-
membered chelate rings with bite angles of 66.45 (3) ° and 67.37 (4) ° for the complexes of La 
and Pr, respectively (Table 4).  These angles are relatively small when compared to those 
observed for similar, but not identical, DPDO complexes [Ln(DPDO)4](ClO4)3 (Ln = Nd, Lu),  which 
range from 69.2° to 72.6 °  [4].  In the case of the Nd(III) and Lu(III) complexes, the metal 
centres are coordinated to four DPDO ligands only, with three perchlorate counter-ions.  It 
would seem, therefore, that the steric restrictions imposed by the presence of bidentate nitrate 
ligands in the coordination sphere of La(DPDO)(H2O)2(NO3)3 and Pr(DPDO)(H2O)2(NO3)3 play a 
role in regulating the chelate bite angle.      
It is also notable that the bite angle increases considerably from the La complex to the Pr 
analogue, while the lengths of the corresponding Ln – O(1/2) bonds decrease, although less 
dramatically (Table 3).   
 
 
Figure 4:  The crystal structure of Pr(DPDO)(H2O)2(NO3)3. 
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Despite these trends, the dihedral angle between the planes occupied by the pyridyl rings of 
DPDO (Figure 5) in both complexes are near identical, being 54.34 ° and 54.53 ° for the La and 
Pr complexes, respectively.  It is therefore reasonable to assume that the decreasing ionic 
radius of the Ln(III) centre results in the expected shortening of Ln – O(1/2) bonds [8], which, 
together with the increased steric repulsion between the oxo-groups of DPDO, force the 
chelate bite angle to widen.   
A number of hydrogen bonds were found to be present in the DPDO complexes and the data 
are reported in Tables 5 and 6.  The bond lengths and contact distances showed little change 
from the La to the Pr complex, although small increases could be observed for both.  This can 
likely be attributed to the shortening of the Ln-O(90) bond length from 2.547 Å in the La 
complex to 2.469 Å in the Pr complex (Table 3).   
The lengths of the N-O bonds, 1.331(1), 1.332(2) Å and 1.328(1/2) Å, of the DPDO ligand in the 
complexes are slightly elongated when compared to those of the free ligand, 1.302(1) Å, but are 
similar to those found in other Ln(III)-DPDO complexes [5,15].   
 
 
Figure 5:  The structure of La(DPDO)(H2O)2(NO3)3 illustrating the orientation of the planes occupied by the 
pyridyl groups of the coordinated DPDO. 
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The packing diagram (Figure 6) of La(DPDO)(H2O)2(NO3)3 indicates that each unit cell contains 
four asymmetric units, orientated so as to both facilitate intermolecular hydrogen-bonding and 
minimize the extent of intermolecular steric repulsion between the oxo-groups of coordinated 
ligands.  The three-dimensional structure is stabilized by a relatively large number of inter- and 
intra-molecular hydrogen-bonds.   
 
 
Figure 6:  The crystal packing diagram of La(DPDO)(H2O)2(NO3)3, viewed along the b-axis, illustrating 
intermolecular hydrogen bonds (in green). 
 
The geometry observed in the complexes is difficult to describe and there is no centre of 
symmetry.  The seven-membered chelate ring does not lie in one plane, but is twisted in a 
manner that is almost analogous with the ‘chair’ conformation of a cyclohexane ring.   
The DPDO ligand appears to be twisted at the pyridyl bridgehead positions, angling the pyridyl 
N-O groups away from each other, resulting in Ln – O – N angles of approximately 121° and 
124°, respectively.  These angles appear to be similar to those observed for other complexes 
with DPDO, including examples with Gd, U, La [2,5,6].  The twisted coordination mode of the 
DPDO is thus most likely due to intra-molecular steric repulsion between the ligand’s N-O 
groups.   
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5.3.3 NMR Spectroscopy 
Due to the low yield of the Pr complex, only the 1H NMR spectrum of La(DPDO)(H2O)2(NO3)3 
was recorded and is given in Figure 8.  The spectrum correlates well with the spectrum that is 
predicted for the uncoordinated ligand (Figure 7) and the highly symmetrical nature of the 
ligand resulted in a relatively simple NMR spectrum. 
   
 
Figure 7:  Predicted 
1
H NMR spectrum of uncoordinated DPDO. 
 
 
Figure 8:  
1
H NMR Spectrum obtained for La(DPDO)(H2O)2(NO3)3. 
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The 1H NMR spectrum of La(DPDO)(H2O)2(NO3)3 in CDCl3 (Figure 8) is characterized by a two-
proton doublet at 8.41 ppm, two overlapping one-proton doublets at 7.80 ppm, and a four-
proton multiplet centred at 7.45 ppm.  These signals correspond to protons H(15/25), H(12/22) 
and H(13/14/23/24), respectively. 
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Table 2:  Selected bond lengths (Å) for Ln(DPDO)(H2O)2(NO3)3, where Ln = La, Pr. 
 
La Pr 
Ln – O(1) 2.5136(9) 2.476(1) 
Ln – O(2) 2.4805(9) 2.437(1) 
Ln – O(90) 2.547(1) 2.469(2) 
Ln – O(91) 2.503(1) 2.504(2) 
Ln – O(502) 2.6751(9) 2.637(1) 
Ln – O(503) 2.712(1) 2.688(1) 
Ln – O(512) 2.671(1) 2.630(2) 
Ln – O(513) 2.597(1) 2.551(2) 
Ln – O(522) 2.655(1) 2.523(1) 
Ln – O(523) 2.564(1) 2.614(1) 
O(1) – N(1) 1.331(1) 1.332(2) 
O(2) – N(2) 1.328(1) 1.328(2) 
Table 3:  Selected bond angles (°) for Ln(DPDO)(H2O)2(NO3)3, where Ln = La, Pr. 
 
La Pr 
O(1) – Ln – O(2) 66.45(3) 67.37(4) 
O(1) – Ln – O(90) 77.45(3) 73.76(5) 
O(1) – Ln – O(91) 75.66(3) 77.32(5) 
O(2) – Ln – O(90) 84.54(3) 138.40(5) 
O(2) – Ln – O(91) 140.14(3) 83.72(5) 
O(90) – Ln – O(91) 75.37(3) 73.68(6) 
O(502) – Ln – O(503) 47.31(3) 47.60(5) 
O(512) – Ln – O(513) 48.44(3) 48.82(5) 
O(522) – Ln – O(523) 48.69(3) 49.16(5) 
Ln – O(1) – N(1) 121.98(7) 121.9(1) 
Ln – O(2) – N(2) 124.34(7) 124.6(1) 
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Table 4:  Crystal and structure refinement data for Ln(DPDO)(H2O)2(NO3)3, where Ln = La, Pr. 
Formula C10H12LaN5O13 C10H12PrN5O13 
Fromula Weight  549.16 551.16 
Crystal System Monoclinic Monoclinic 
Space Group P21/c P21/c 
Unit Cell Dimensions     a 10.6570 (2) 10.6290 (2) 
                                          b 7.6690 (1) 7.7280 (1) 
                                          c 21.3410 (4) 21.1940 (4) 
                                          β 95.421 (1) 95.934 (1) 
Volume (Å3) 1736.37 (5) 1731.57 (5) 
Z 4 4 
Density (calculated) (g.cm-3) 2.101 2.114 
Absorption Coefficient (mm-1) 2.544 2.897 
F(000) 1072 1080 
Θ range  1.9: 28.3 1.9: 82.3 
Index Ranges                  h -14: 14 -14: 13 
                                          k -10: 10 -9: 10 
                                          l -27: 28 -28: 23 
Reflections measured 16619 15718 
Independent/Observed reflections 4329, 4082 4300, 3715 
Data/Parameters 4329, 278 4300, 2789 
Goodness-of-fit on F2 1.04 1.03 
Final R Indices [I>2σ(I)] 0.0124 0.0167 
wR2 0.0320 0.0365 
Largest diffraction peak/hole (e Å-3) -0.37, 0.43 -0.36, 0.45 
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Table 5:  Selected hydrogen-bond distances (Å) and angles (°) of La(DPDO)(H2O)2(NO3)3. 
D-H···A D-H H···A D···A D-H···A 
O(90)-H(901)···O(501) 0.75(2) 2.15(2) 2.896(2) 174(2) 
O(90)-H(902)···O(501) 0.84(2) 2.01(2) 2.834(2) 166(2) 
O(91)-H(911)···O(511) 0.77(2) 2.01(2) 2.779(2) 176(2) 
O(91)-H(912)···O(521) 0.79(2) 2.09(2) 2.857(2) 164(2) 
Table 6:  Selected hydrogen-bond distances (Å) and angles (°) of Pr(DPDO)(H2O)2(NO3)3. 
D-H···A D-H H···A D···A D-H···A 
O(91)-H(912)···O(501) 0.71(3) 2.21(3) 2.909(2) 171(3) 
O(91)-H(911)···O(501) 0.80(3) 2.08(3) 2.867(2) 166(2) 
O(90)-H(901)···O(511) 0.78(3) 2.03(3) 2.801(2) 177(3) 
O(90)-H(902)···O(521) 0.77(3) 2.16(3) 2.897(2) 162(3) 
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6. Conclusion and Future Work 
This thesis describes the successful synthesis and characterisation of eight-, nine- and ten-
coordinated Ln(III)-nitrate complexes with three structurally diverse oxygen-donor ligands, 
namely triphenylphosphine oxide (TPPO), bis(pentamethylene)urea (PMU) and 2,2’-dipyridyl-
N,N’-dioxide (DPDO).  The complexes formed from the individual ligands were very similar for 
each of the lanthanides in the series, although a few exceptions could be observed for Yb, Lu 
and Gd.   
In each case, the Ln(NO3)3 precursor was used as starting material for the complexation 
reactions.  The successful synthesis and excellent stability of the resultant complexes thus 
prompt further investigation into the reaction of other lanthanide precursors, such as the LnCl3 
and Ln(CH3O2)3, for example, with the same ligands.  Such a study could provide insight into the 
effect of counterions on the oxophillicity, reactivity and stability of the Ln(III) centres.   
The work described in Chapter 3 can be expanded to include multidentate ligands, such as 
[2-(diphenylphosphoryl)ethyl](diphenyl)phosphine oxide (Figure 1), to examine the potential 
formation of 7-membered chelates, such as was observed in Chapter 5, with DPDO.  Other, 
sterically larger phosphorous ligands, such as (diphenylphosphonimido)triphenylphosphorane 
(Figure 1), can be used to attempt to synthesize Ln(III) complexes with lower coordination 
numbers.   
 
Figure 1: Structures of [2-(diphenylphosphoryl)ethyl](diphenyl)phosphine oxide (left) and 
(diphenylphosphonimido)triphenylphosphorane (right). 
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Chapter 5 describes the synthesis and characterisation of novel ten-coordinated Ln(III) 
complexes with the ligand DPDO.  The ligand is bidentate and coordinates through both oxygen 
groups to form seven-membered chelate rings with the Ln(III) centres.  Such complexes are 
rare, as DPDO-type ligands typically coordinate to form eight coordinate species, in which four 
ligand molecules are bidentately coordinated to the metal centres.  Future work in this line 
include the attempted syntheses of heterobimetallic DPDO complexes containing different 
Ln(III) centres, similar to [Gd(DPDO)2(H2O)3Fe(CN)6], as well as the use of a similar ligand, 2,2’-
bis(4-nitropyridine)-1,1’-dioxide, to investigate the possible synthesis of bridged multi-dentate 
Ln(III) complexes.   
 
 
Figure 2:  2,2-Bis(4-nitropyridine)-1,1’-dioxide. 
 
The interesting emissive properties of the lanthanide series have long since been keenly 
pursued research topics.  These emissive properties can be altered or enhanced by the 
coordination of ‘antenna’ molecules to the Ln(III) centres.  To this end, it would be interesting 
to observe the effect of the presence of Michler’s ketone (4,4-
bis[dimethylamino]benzophenone), a well-known ‘antenna’ molecule, in the coordination 
sphere of Ln(III) species (Figure 3).   
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Figure 3: Michler’s Ketone. 
 
Lastly, the scope of the current study may be broadened in future by including the coordination 
of Schiff bases, such as those featured in Figure 4, to Ln(III) centres.   
 
 
Figure 4:  Various Schiff bases. 
